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The three main goals of the research discussed in this dissertation were (1) to expand and characterize the first
extensive series of half-sandwich metallatricarbadecaborane complexes, (2) to synthesize and explore the
reactivity of 5-TfO-B10H13, and (3) to investigate metal-catalyzed hydrogen release from ammonia borane in
ionic liquids. The major achievements are outlined below.
Chapter 1 describes the synthesis and structural characterization of the first series of group 9
tricarbadecaboranyl half-sandwich complexes. The tricarbadecaboranyl ligands in these complexes exhibit
properties distinct from their cyclopentadienyl analogs, including (1) strong electron-withdrawing properties,
(2) the ability to readily form slipped-cage structures, and (3) the ability to stabilize lower metal oxidation
states. The unique properties of these complexes mean they could find potential applications as, for example,
catalysts for alkyne oligomerizations, polymer and dendrimer building blocks, and synthetic precursors for
medicinal therapies.
Chapter 2 discusses the development of several high yield pathways to 5-TfO-B10H13. The new routes to
5-TfO-B10H13 allowed for a systematic exploration of its reactivity and potential use as a starting material for
the syntheses of other important polyboranes. The combined reactions of the synthesis of 5-TfO-B10H13, the
formation of its Lewis acid-base adduct, 5-TfO-6,9-(Me2S)2-B10H11, and the alkyne-insertion and base-
promoted cage closure reactions of 5-TfO-6,9-(Me2S)2-B10H11, now provide the first pathways to B-triflate-
substituted ortho-carboranes and decaborates.
Chapter 3 reports that the metal-catalyzed hydrogen release from ammonia borane (AB) in an ionic liquid
produces a significant increase in initial H2-release. However, the metal-catalysts affect only the rate of loss of
the first H2-equivalent, with the uncatalyzed and catalyzed rates becoming equal following that point. NMR
studies indicate that the mechanism of AB H2-release of these metal-catalyzed systems in ionic liquids appears
to be similar to that observed in organic solvents, but differs from that observed in only ionic liquids.
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ABSTRACT 
THE DEVELOPMENT OF NEW ROUTES TO HALF-SANDWICH 
METALLATRICARBADECABORANE COMPLEXES, TRIFLATE-
FUNCTIONALIZED POLYBORANES AND CARBORANES, AND AMMONIA 
BORANE HYDROGEN RELEASE 
 
Emily R. Berkeley 
 
Larry G. Sneddon 
 
 The three main goals of the research discussed in this dissertation were (1) to 
expand and characterize the first extensive series of half-sandwich 
metallatricarbadecaborane complexes, (2) to synthesize and explore the reactivity of 5-
TfO-B10H13, and (3) to investigate metal-catalyzed hydrogen release from ammonia 
borane in ionic liquids.  The major achievements are outlined below. 
 Chapter 1 describes the synthesis and structural characterization of the first series 
of group 9 tricarbadecaboranyl half-sandwich complexes.  The tricarbadecaboranyl 
ligands in these complexes exhibit properties distinct from their cyclopentadienyl 
analogs, including (1) strong electron-withdrawing properties, (2) the ability to readily 
form slipped-cage structures, and (3) the ability to stabilize lower metal oxidation states. 
The unique properties of these complexes mean they could find potential applications as, 
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for example, catalysts for alkyne oligomerizations, polymer and dendrimer building 
blocks, and synthetic precursors for medicinal therapies. 
 Chapter 2 discusses the development of several high yield pathways to 5-TfO-
B10H13.  The new routes to 5-TfO-B10H13 allowed for a systematic exploration of its 
reactivity and potential use as a starting material for the syntheses of other important 
polyboranes.  The combined reactions of the synthesis of 5-TfO-B10H13, the formation of 
its Lewis acid-base adduct, 5-TfO-6,9-(Me2S)2-B10H11, and the alkyne-insertion and base-
promoted cage closure reactions of 5-TfO-6,9-(Me2S)2-B10H11, now provide the first 
pathways to B-triflate-substituted ortho-carboranes and decaborates.   
 Chapter 3 reports that the metal-catalyzed hydrogen release from ammonia borane 
(AB) in an ionic liquid produces a significant increase in initial H2-release.  However, the 
metal-catalysts affect only the rate of loss of the first H2-equivalent, with the uncatalyzed 
and catalyzed rates becoming equal following that point.  NMR studies indicate that the 
mechanism of AB H2-release of these metal-catalyzed systems in ionic liquids appears to 
be similar to that observed in organic solvents, but differs from that observed in only 
ionic liquids. 
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CHAPTER 1: Synthesis and Reactivity of Half-Sandwich 
Metallatricarbadecaboranyl Complexes 
1.1 Introduction 
The major goals of the research discussed in this chapter were to develop the 
chemistry of group 9 half-sandwich metallatricarbadecaboranyl complexes.  The main 
accomplishments are presented in 1.7 Half-Sandwich Co, Rh, and Ir 
Metallatricarbadecaboranyl Complexes. 
Before discussing the results of these investigations, sections 1.2 Borane Electronic 
Structure and Bonding to 1.6 Metallacarbaboranes will provide background information 
on carbaboranes, dicarbon-carboranes, tricarbaboranes, metallocenes, and 
metallacarbaboranes. 
1.2 Borane Electronic Structure and Bonding 
Due to boron having one less electron than carbon, boron compounds tend to form 
electron-delocalized geometric structures based on polyhedrons with triangular faces.  
The non-classical bonding in these structures1 is formed by “electron deficient” 3-
center/2-electron bonds and the triangular face geometry allows sharing of electrons 
between three boron atoms.  The B-B connecting lines drawn in these clusters do not 
represent an electron pair as in organic structures, but instead indicate the polyhedral 
geometry. 
For all polyhedral boron compounds, there is a correlation, known as Wade’s 
rules2,3 or polyhedral skeletal electron pair theory (PSEPT), between the geometric 
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structure and the available number of skeletal electrons.   Wade proposed that the BH 
units use three orbitals for bonding to their nearest cluster neighbors, with each group 
providing 2 electrons, and the remaining valence electron then being used to form a 
classical 2-center/2-electron bond with its attached exo H.   
Wade showed that most boranes can be classified as belonging to one of three 
general geometric groups: closo, nido, or arachno.  Closo clusters are based on regular 
deltahedral structures, nido have one missing vertex, and arachno have two missing 
vertices.  For clusters containing n-vertices, the class is determined by the number of 
skeletal electron pairs (SEP); when SEP = n+1 the structure is closo, when SEP = n+2 the 
structure is nido, and when SEP = n+3 the structure is arachno (Figure 1.1). Structures 
with a larger ratio of skeletal electrons to vertices have more open faces.  This is 
illustrated in the 2-electron reduction of a cluster system resulting in an increasingly open 
face (Figure 1.2). 
 
Figure 1.1.  Compounds that have the same number of skeletal electron pairs, with an 
increasing ratio of skeletal electrons to vertices. 
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Figure 1.2.  Selected example of successive two-electron reductions producing closo-, 
nido-, and arachno-structures. 
 
1.3 Carboranes 
Carbaboranes (less formally “carboranes”) are polyhedral boron-carbon molecular 
clusters.  They are based on borane polyhedral clusters in which one or more vertices 
have been replaced by a carbon atom. Although carbon has different electronic 
properties, carboranes retain many of the properties of boranes, such as electron 
delocalization and cluster geometry. HC fragments contribute 3 electrons to the cage 
framework, compared to the 2 electrons from an HB unit. Examples of carboranes 
include closo-C2B10H12, nido-C3B7H10
–, and arachno-C2B7H13 (Figure 1.3).  Reports of 
carboranes with up to six carbons in the skeletal framework are known, and 
functionalization at both the carbon and boron vertex adds further utility to these 
compounds. Carboranes have been prepared and characterized with incorporation of 
numerous elements of the periodic table.  
4 
 
 
Figure 1.3. Selected examples of closo, nido, and arachno cage structures. 
 
There has been a resurgence of interest in carboranes due to recognition of their 
unique electronic properties, geometry, and versatility. They also have many potential 
practical applications in areas ranging from medicine, engineering, catalysis, and 
especially in Boron-Neutron Capture Therapy (BNCT). 
1.3.1 Dicarbon-carboranes 
 The most extensively studied carboranes are the dicarbon carboranes. In 1962, 
Onak reported the synthesis of C2B4 cages via the reaction of pentaborane (B5H9) with 
alkynes (propyne, 2-butyne, 1-pentyne) catalyzed by dimethylpyridine (Figure 1.4).4  
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Figure 1.4.  Reaction of pentaborane with an alkyne to produce nido-2,3-R,R’-C2B4H6 
(top). Structure of nido-2,3-C2B4H8 (bottom). 
 
Also in 1962, Shapiro reported the isolation and characterization of closo-C2B3H5 
by vapor phase reactions of acetylenes with boron hydrides, which also gave closo-
C2B4H6 and closo-C2B5H7 as additional products.
5,6 
Ortho-carborane (1,2-C2B10H12) is an isostructural analog of B12H12
2–, and was 
first synthesized in 1963 via the insertion of alkynes into L2B10H12 (L = CH3CN) 
compounds (Figure 1.5).7-11  Ortho-carborane, as well as other carboranes, can undergo 
cage isomerization upon heating.  Ortho-carborane is thermally isomerized to meta-1,6-
C2B10H12 and then para-1,12-C2B10H12. In these rearrangements the carbons are 
migrating away from each other (Figure 1.6).12 
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Figure 1.5. Acetylene insertion into L2B10H12 (L = CH3CN) to give ortho-carborane. 
 
Figure 1.6. Structure of ortho-, meta-, and para-carborane. 
 
Numerous icosahedron based dicarbon-carboranes are now known, and range in 
size from C2B3 to C2B11.  Arachno-C2B7H13, nido-C2B8H12, and nido-C2B9H11
2– will be 
discussed in the next few paragraphs as they are key components in metallacarbaborane 
synthesis. 
In 1966, Hawthorne reported the synthesis of arachno-C2B7H13 by the oxidation 
of C2B9H11 with dichromate ion in aqueous acetic acid solution at 0 °C.
13  The anion of 
arachno-C2B7H13, arachno-C2B7H12
– (Figure 1.7), is a key precursor in the formation of 
nido-6-R-5,6,9-C3B7H9
– (discussed in 1.3.2.3.1 Tricarbadecaboranes). 
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Figure 1.7. Deprotonation of arachno-C2B7H13 to form arachno-C2B7H12
–. 
 
 There were a number of synthetic routes to nido-5,6-C2B8H12 developed in the 
early 1970s, including the reaction of B8H12 and B9H15
14,15 with acetylene. Soon after, 
syntheses from more accessible substrates such as  4-L-B9H12
16 reacting with acetylene 
and the oxidation of nido-7,8-R2C2B9H10
– by iron chloride were also achieved.  Use of 
the nido-5,6-C2B8H11
– anion for the synthesis of half-sandwich metallacarbaboranes is 
discussed in the section on metallacarbaboranes.  
When ortho-carborane was treated with methanolic potassium hydroxide, it gave 
dicarbaundecaborane anion (C2B9H12
–),17 which when further deprotonated by sodium or 
sodium hydride, gave the nido-dicarbollide anion (1,2-C2B9H11
2–) (Figure 1.8 (left)).  
This complex has a five atom, flat, open face containing two adjacent carbons and three 
boron atoms.  This process was also carried out with meta-carborane with slightly more 
difficulty, due to the decreased polarity of 1,7-C2B10H12 compared to 1,2-C2B10H12, which 
resulted in the open face containing non-adjacent carbons (1,3-C2B9H11
2–). Para-
carborane deboronation occurred with stronger conditions, consistent with the polarity 
trend, and following deprotonation resulted in 2,9-C2B9H11
2–. (Figure 1.8)  Use of 
C2B9H11
2– is described in the metallacarboranes section. 
8 
 
 
Figure 1.8. Structure of 1,2-C2B9H11
2–, 1,3-C2B9H11
2–, 2,9-C2B9H11
2–. 
 
1.3.2 Tricarbaboranes 
 Tricarbaboranes are three carbon carboranes.  They are based upon deltahedral 
structures in which three BH– or BH2 units are replaced by CH units. 
1.3.2.1 Small Cage Tricarbaboranes 
 In 1966, Grimes made the first examples of tricarbaboranes, nido-2,3,4-C3B3H7 
and three different methyl derivatives, by vapor phase reaction of tetraborane and 
acetylene.18  The structure was determined to be based upon a pentagonal bipyramid with 
one vertex removed, with the planar five-membered open face having one bridging 
hydrogen (Figure 1.9). 
 
Figure 1.9. Structure of nido-2,3,4-C3B3H7. 
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The reaction of 2,3- or 2,4-(CH3)2C3B3H5 with sodium hydride removed the 
bridging hydrogen to form the dimethyltricarbaborane mono-anion (Figure 1.10).  Grimes 
predicted that the mono-anion would be isoelectronic with the Cp mono-anion, with the 
open C3B2 face capable of π bonding to a transition metal. As discussed later in 1.6.2 
Metallatricarbaboranes, he was able to prepare the first metallatricarbaboranes, (2-CH3-
C3B3H5)Mn(CO)3. 
 
Figure 1.10. Structure of 2-CH3-C3B3H6
–. 
 
 5-vertex arachno-C3B2R6 (R = Et, Me, H), or diborole, compounds are boron-
containing rings that can be made through a number of pathways, as seen in Figure 
1.11.19-21  As described in 1.3.2 Metallatricarbaboranes, these compounds have been 
used to make a variety of single- and multi-decker structures that can be regarded as 
metallacarboranes due to their structure, bonding, and reactivity properties. 
10 
 
 
Figure 1.11. Synthesis of diborole rings. 
 
Closo-C3B2H5
+ has never been made, but theoretical studies predict the structure 
would most likely be based on a trigonal bipyramidal geometry.22   
1.3.2.2 Intermediate Tricarbaboranes 
 As of now, hypho-C3B6H13
–, is the only example of an isolated tricarbaborane that 
is considered to be intermediate in size, between 7 and 9 vertices. Hypho-1-NCCH2-1,2-
5-C3B6H12
– (Figure 1.12) was formed from the degradation of arachno-5,6,7-(NCCH2)-
1,2-5-C3B7H12
– by aqueous NH4OH.
23  
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Figure 1.12. ORTEP of hypho-1-NCCH2-1,2,5-C3B6H12
–. 
 
1.3.2.3 Large Cage Tricarbaboranes (10 and 11 vertices) 
In the late 1980’s and early 1990’s the Sneddon group and Stibr group reported 
the high-yield synthesis of ten and eleven vertex tricarbaborane compounds, 
respectively.24-26 
1.3.2.3.1 Tricarbadecaboranes 
Kang, in the Sneddon group, reported the synthesis of a new tricarbadecaborane 
anion, nido-6-CH3-5,6,9-C3B7H9
–, by the monocarbon insertion of acetonitrile into 
arachno-4,6-C2B7H12
– (Figure 1.13), which was then acidified to form nido-6-CH3-5,6,9-
C3B7H10.
24  The proposed mechanism of this reaction started with nucleophilic attack of 
arachno-4,6-C2B7H12
– at the nitrile carbon, followed by hydrogen abstraction by the 
nitrogen to create an imine intermediate.  This was followed by reductive elimination of 
ammonia and incorporation of the carbon into the cage framework.  Other nitriles reacted 
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similarly with arachno-4,6-C2B7H12
– to give a range of alkyl substituted 
tricarbadecaborane derivatives (Figure 1.14).  
 
 
Figure 1.13. Mechanism of monocarbon insertion to form nido-6-CH3-5,6,9-C3B7H9
–. 
 
 
Figure 1.14. General scheme of nido-6-R-5,6,9-C3B7H9
– synthesis. 
  
The nido-6-CH3-5,6,9-C3B7H9
– geometry is based upon an octadecahedron with a 
missing vertex, and has a puckered, six-membered open face containing all three cage 
carbons.  The inserted carbon is located at the six position, adjacent to one of the original 
carbons in position five, and was the first known tricarbaborane CR2 vertex.  The 
remaining carbon is non-adjacent in the nine position on the cluster.  This structure was 
first predicted in 1989 and then was crystallographically confirmed for the lithium salt, 
(Li(CH3CN)2
+)(nido-6-CH3-5,6,9-C3B7H9
–), in 2001.27  
 The unsubstituted nido-5,6,9-C3B7H10
– was formed from the treatment of 
azatricarbaborane with proton sponge, which resulted in loss of tBuNBH to give nido-
13 
 
5,6,9-C3B7H10
– (Figure 1.15). This anion was then protonated with concentration sulfuric 
acid to produce 5,6,9-C3B7H11.
28   
 
 
Figure 1.15.  Synthesis of unsubstituted nido-5,6,9-C3B7H10
–. 
 
Other tricarbadecaborane compounds were made from the reaction of terminal 
alkynes with arachno-4,6-C2B7H12
– to give arachno-R-C3B7H12 derivatives (Figure 
1.16).23,29  In these structures, all three carbons are adjacent and the observed geometry is 
based on an icosahedron missing two vertices. The cluster was formed by the 
nucleophilic attack of arachno-4,6-C2B7H12
– at the positive γ-C of the acetylene, 
followed by carbon insertion, and then reduction of the acetylene, to produce a 26 
electron arachno (n +3) compound. 
 
 
Figure 1.16. Synthesis of arachno-6-RCH2-5,6,7-C3B7H12. 
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Although the arachno-C3B7H13 and nido-C3B7H11 appear to have similar 
structures, their classifications are different due to their different SEP counts and the 
parent polyhedron from which they are derived.  Arachno-C3B7H13 is based upon an 
icosahedron that has two vertices removed, whereas nido-C3B7H11 is based upon an 
octahedron with one vertex removed (Figure 1.17). 
 
Figure 1.17. Icosahedron with two removed vertexes (left), and octahedron with one 
removed vertex (right). 
 
1.3.2.3.2 Tricarbadodecaboranes 
 In 1995, Stibr and Texidor reported the synthesis of the first eleven-vertex 
tricarbaborane, nido-7,8,9-C3B8H12, its mono anion, and other derivatives by initially 
reacting nido-7,8,9-C2B8H11
– with CN– or CNR–, then deaminating with sodium metal 
followed by an acidic work up (Figure 1.18).30 The tricarbollide nido-7,8,9-C3B8H12
– is 
an isoelectronic analog of nido-7,8,9-C2B9H11
2– (dicarbollide) described earlier in the 
chapter. Nido-7,8,9-C3B8H12
– underwent thermal and base promoted isomerizations to 
give nido-7,8,10-C3B8H12
– and nido-2,7,10-C3B8H12
– respectively. 
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Figure 1.18. Synthesis of nido-7,8,9-C3B8H11
–. 
 
1.4 Metallocene Introduction 
Cyclopentadienyl ligands are widely used in organometallic complexes.31  
Metallocenes, Cp2M complexes, have been developed for most of the transition metals. 
The sandwich structure of ferrocene, Cp2Fe, determined in 1952, showed both Cp ligands 
η5-coordinated to the iron atom (Figure 1.19).32,33 The Cp– ligand contributes 6 electrons 
to the metal center. Thus in the case of ferrocene, the iron is formally in a +2 oxidation 
state and has 18 e–.  
 
Figure 1.19. Structure of ferrocene. 
 
The cyclopentadienyl ligand has the potential to bond in a variety of modes 
including, η5-C5H5, η3-C5H5, and η1-C5H5 (Figure 1.20), which have particular 
significance due to their interconversion chemistry.  The η5- to η3-C5H5 conversion has 
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been shown to be important in associative ligand substitution reactions.  One early 
example of this is the associative substitution reactions of CpRh(CO)2 with phosphine 
ligands (Figure 1.21), reported by Rerek and Basolo in 1983.34  The rate of the 
substitution was dependent on the size of the incoming ligand, and the reaction was first 
order for both the metal and incoming ligand.  The ring slippage, from η5- to η3-C5H5 (6 
e– donor to 4 e– donor), removed 2 e
– from the metal center allowing the ligand to come in 
without breaking the 18 e– rule. 
 
 
 
 
Figure 1.20. Examples of the cyclopentadienyl ligand bonding modes. 
 
 
Figure 1.21. Associative substitution reactions, with an η3-C5H5 intermediate. 
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The most common analog of Cp– is C5(CH3)5
– (Cp*–).  The increased steric 
protection and electron donating nature of the Cp* ligand often produces more stable 
complexes than Cp.  Cp* compounds are also generally more soluble than Cp 
complexes.31  For some complexes, as in the case of, [Cp*Fe(CO)2]2 or [Cp*RhCl2]2, 
only the Cp* version has been isolated.  
 
1.5 Group 9 Half-Sandwich Complexes 
Half-sandwich complexes (CpMLx) have been shown to have high reactivity 
when they have labile ligands (L).  Group 9 (Co, Rh, and Ir) half-sandwich complexes in 
particular have utility in a large variety of reactions, including oligomerizations, C-H and 
C-X bond oxidative-additions, and cycloaddition reactions. 
1.5.1 Synthesis of Group 9 Half-Sandwich Complexes 
The chemistry of cobalt, rhodium, and iridium half-sandwich complexes was first 
developed in the late 1950s and early 1960s.  The initial compounds were the dicarbonyl-
cyclopentadiene derivatives. This section will highlight preparation methods for a 
number of relevant half-sandwich complexes. 
1.5.1.1 Dicarbonyl Compounds 
The synthesis of CpCo(CO)2 was achieved by reacting dicobalt octacarbonyl with 
cyclopentadiene (Figure 1.22).35  CpCo(CO)2 can also be prepared from the reaction of 
Cp– and Co(CO)4I. Co(CO)4I can be generated from dicobalt octacarbonyl and iodine 
(Figure 1.23).36,37 
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Figure 1.22. Synthesis of CpCo(CO)2. 
 
Figure 1.23. Alternative synthesis of CpCo(CO)2. 
  
CpRh(CO)2 was synthesized by [Rh(CO)2Cl]2 reacting with excess Cp
– (with Tl+ 
or Na+ used as cations).38,39 A similar approach was also used for CpIr(CO)2, which can 
be made in high yields by reacting Ir(CO)3Cl with Cp
– (Figure 1,24).40  CpRh(CO)2 could 
also be made by reacting [Rh(CO)2Cl]2 with Cp
–.41  The Cp*M(CO)2 (M = Co, Rh, Ir) 
compounds were synthesized in a similar fashion. 
 
Figure 1,24. Synthesis of CpM(CO)2 (M = Rh, Ir). 
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The carbonyl (:C≡O:) ligand is both a σ donor and π acceptor.  Metals can back 
bond into the π* of CO; this strengthens the metal-carbon bond and weakens the carbon-
oxygen bond.  The electronic properties of a metal or metal-ligand combination can be 
observed though infrared (IR) CO stretching frequencies (ν).  Free carbon monoxide 
appears at 2176 cm–1.  Table 1.1 shows a comparison of IR values for Cp and Cp* cobalt 
and rhodium complexes.  By comparing the CO stretching frequencies of Cp* and Cp 
carbonyl compounds, it can be seen that the Cp* ligand is more electron donating than 
Cp.  The lower stretching frequency in the Cp* compounds means that there is an 
increase in backbonding from the metal to the CO, and that Cp* is donating more 
electron density to the metal.  Dimers such as [CpCo(CO)]2 were achieved through 
oxidation of CpCo(CO)2
42,43,44 
 
Table 1.1. IR stretching frequencies of CpCo(CO)2, Cp*Co(CO)2, CpRh(CO)2, 
Cp*Rh(CO)2, CpIr(CO)2, and Cp*Ir(CO)2,carbonyls.
45-48 
 ν(C≡O) cm–1 
CpCo(CO)2 2023, 1957 
Cp*Co(CO)2 1999, 1934 
  
CpRh(CO)2 2056, 1994 
Cp*Rh(CO)2 2034, 1966 
  
CpIr(CO)2 2043, 1976  
Cp*Ir(CO)2 2020, 1951 
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Figure 1.25. Synthesis of [Cp*M(CO)]2 (M = Rh, Ir). 
 
1.5.1.2 Cyanide and Isocyanide Compounds 
Cyanide (NC) and isocyanide (CNR) ligands are stronger σ donors compared to 
CO, but worse π acceptors, this means that they should form complexes analogous to the 
metal carbonyls but potentially have different properties or reactivities.  In the early 70s, 
Pauson showed that CpCo(CO)I2 could undergo one, two, or three ligand substitutions 
with cyanides to first displace the carbonyl ligand and then the iodines. When potassium 
cyanide was used, the resulting salts: [CpCo(CN)I2]K, [CpCo(CN)2I]K, [CpCo(CN)3]K 
were formed.49  Cyanide ligand substitution also occurred when starting with 
CpCo(PMe3)I2; however, in this case the iodines were first displaced to give 
CpCo(CN)2(PPh3).  Mays also investigated cyclopentadienylcobalt complexes that 
contained isocyanide ligands and reported a large array of neutral and cationic 
compounds of the variety: CpCo(CNR)nIm (n = 1 ,2, 3; m = 3 – n) or [CpCo(CNR)2I]+ (R 
= C6H4OCH3, CH3).
50  Werner showed that isocyanide compounds could be made from 
CpCo(P(CH3)3) as well, by treating CpCo(P(CH3)3) with two equivalents of RNC (R = 
PhCH2, p-tolyl) the corresponding diisocyanide compound was formed.
51 
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 As in the case of CO, isocyanide (CN) infrared stretching frequencies can be used 
as a diagnostic tool in determining electron donating or withdrawing abilities of other 
attached ligands. Free tbutyl-isocyanide appears at 2125 cm–1.  Table 1.2 shows examples 
of selected carbon-nitrogen stretching frequencies for cobalt and rhodium tert-butyl-
isocyanide compounds.  The strong σ-donation of CNR and π-accepting nature of CO is 
highlighted when looking at the stretching frequencies of CpCo(CNtBu)(CO) (Table 1.2); 
there is little difference in the C≡N value, however the ν(C≡O) is significantly lower 
compared to CpCo(CO)2 due to the extra electron density on the cobalt from CN
tBu. 
 
 
Table 1.2. IR stretching frequencies of cobalt and rhodium tert-butyl-isocyanide 
compounds. *ν(C≡O) = 1937 cm–1 
 ν(C≡N) cm–1  ν(C≡N) cm–1 
CpCo(CNtBu)2 2090 CpRh(CN
tBu)2 2108, 2073, 1982 
CpCo(C2H4)(CN
tBu) 2060 CpRh(C2H4)(CN
tBu) 2104, 2067 
CpCo(CNtBu)(CO)* 2112, 2071   
    
CpCo(CO)2 2023, 1957   
 
 
Other isocyanide-cyclobutadiene group 9 compounds were made from 
CpM(C2H4)2 (M = Co, Rh, Ir).  When CpCo(C2H4)2 was treated with one equivalent of p-
tolyl- or tert-butyl-isocyanide one ethylene was substituted to first form 
CpCo(CNR)(C2H4) (R = tolyl, 
tBu), upon further addition of isocyanide the diisocyanide 
complexes were produced (Figure 1.26).52,53,54  Similar compounds were also obtained 
from CpRh(C2H4)2 when it was combined with CNCH3 or CN
tBu.55 
22 
 
 
 
Figure 1.26. Synthesis of mono- and di-isocyanide cobalt cyclopentadiene complexes. 
 
1.5.1.3 Alkene Compounds 
1,5-Cyclooctadiene(COD)-cyclopentadiene group 9 compounds have proven 
important due to the stability of CpM(COD) complexes, with dissociation of the labile 
COD then allowing facile chemistry at the metal center. As shown below, COD 
complexes are not only a useful synthetic precursors for organometallic compounds, they 
can be used as an oligomerizations catalyst. 
The structure of CpCo(COD) was determined in 1990 by Kratchochvil.56  It was 
made by ligand displacement of COs from CpCo(CO)2 with COD to give CpCo(COD) 
(Figure 1.27).57  CpRh(COD) was synthesized from the reaction of [Rh(COD)Cl2]2 with 
CpTl.58 CpIr(COD) was synthesized by the reaction of Cp– with [Ir(COD)Cl]2.
59  
 
Figure 1.27. Synthesis of CpCo(COD). 
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Non-chelating alkene ligands are also useful catalysts and synthetic precursors. 
CpCo(C2H4)2 was made from the reaction of Cp2Co
–K+ with ethene in ether.53  
CpRh(C2H4)2 and CpIr(C2H4)2 were made from the corresponding [M(C2H4)2Cl]2 (M = 
Rh, Ir) reacting with CpTl, and purified by sublimation (Figure 1.28).55,60,61 
 
 
Figure 1.28. Synthesis of CpM(C2H4)2 (M = Rh, Ir). 
 
Mono-ligand substitution occurred for CpCoL2 (L = CO, CNC6H3-2,6-(CH3)2, 
PPh3) where one ligand was displaced by an olefin with electron withdrawing 
substituents, such as fumaronitrile, dimethylfumarate, maleic anhydride, and maleonitrile 
(Figure 1.29).62  Rhodium and iridium also formed mono-olefin complexes such as 
CpRh(P(CH3)3)(C2H4)
63 and CpIr(P(CH3)3)(C2H4).
61 
 
 
Figure 1.29. Synthesis of CpCo(CO)(dimethylfumarate). 
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Routes to CpM(COT) (COT: cycloocta-1,3,5-triene) (M = Rh, Ir), were developed 
in 1972 (Figure 1.30).64  CpRh(COT) was produced in yields of 87%, by first making 
[Rh(COT)Cl]2, from [Rh(C2H4)2Cl]2 and COT, and stirring it with CpTl. Similar 
procedures were used for iridium, in which [Ir(COT)Cl]2 stirred with CpTl gave 
CpIr(COT). 
 
 
Figure 1.30. Synthesis of CpM(COT) (M = Rh, Ir). 
 
1.5.1.4 Phosphine Compounds 
Phosphine ligands are strong σ donors and have the potential to back-bond with 
the metal through their σ* orbital; alkyl phosphines are generally weak acceptors of metal 
back-donation.  
diphosphine cobalt complexes were made from the reaction of L3CoH3 or 
L2CoHN2 (L = PPh3, P(C6H4Cl)3) with cyclopentadiene to give CpCoL2.
65  These were 
shown to undergo ligand substitution with CO to give CpCo(CO)L (Figure 1.31).  Other 
approaches to diphosphine cobalt complexes, such as CpCo(PPh3)2, included reductive 
elimination of iodine from CpCo(PPh3)I2 with isopropylmagnesiumbromide in the 
presence of triphenylphosphine66 and reaction of Co(PPh3)3Cl or Co(PPh3)2Cl2 with     
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Cp–.67,68 The former reaction was utilized to produce CpRh(PPh3)2 from CpRh(PPh3)I2. 
Chelating phosphino-complexes were formed by the displacement of both COs from 
CpM(CO)2 (M = Co, Rh) with chelating dppe (1,2-bis(diphenylphosphino)ethane) ligand 
(Figure 1.32).69,70,71   
 
 
Figure 1.31. Synthesis of CpCo(PPh3)2 and CpCo(CO)(PPh3). 
 
 
Figure 1.32. Synthesis of diphosphino-cobalt and -rhodium complexes. 
 
Rhodium monophosphine-carbonyl compounds were made by refluxing 
CpRh(CO)2 in a stoichiometric amount of the desired phosphine or phosphite, to give 
CpRh(CO)L (L = PCH3, PBu3, P(iPr)3, PPh3, P(OCH3)3, P(OCH2)3CC2H5, P(OPh)3, P(O-
o-C6H4-CH3)3).
72  Iridium monophosphine-carbonyl compounds were prepared from the 
reaction of IrCl(CO)(PR3)2 and Cp
– in refluxing toluene to give CpIr(CO)(PR3) (R = p-
26 
 
C6H4CF3, p-C6H4Cl, p-C6H4F, Ph, p-C6H4CH3, p-C6H4OCH3, p-Ph2CH3, Ph(CH3)2, CH3, 
Et, Cy) and from Cp*Ir(CO)2 reacting with PR3 to give Cp*Ir(CO)(PR3) (R = p-C6H4CF3, 
p-C6H4Cl, Ph, p-Ph2CH3, CH3).
73 
1.5.1.5 Halo-Dimer Compounds 
  Chloro-rhodium and -iridium half-sandwich dimer complexes were first made by 
Maitlis and coworkers by the reaction of Dewar benzene 
(hexamethlybicyclo[2.2.0]hexadiene) with MCl3 (M = Rh, Ir) in methanol to give low 
yields of [Cp*MCl2]2 (Figure 1.33).
74  When Dewar benzene was first treated with 
hydrochloric acid to form a Cp* derivative (Figure 1.34) and then combined with the 
metal halide, higher yields (92% for Rh and 85% for Ir) were observed.  When 
Cp*Co(CO)2 was treated with thionyl X (X = Cl, Br) in noncoordinating solvent, 
[Cp*CoX2]2 was produced.
75  Maitlis also reported that by stirring [Cp*MCl2]2 with 
iodine in refluxing ethanol, [Cp*MI2]2 (M = Rh, Ir) could be achieved. [Cp*RhCl2]2 was 
reduced with excess Na/Hg to give blue-black crystals of [Cp*RhCl]2 in 65-75% yields.
76  
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Figure 1.33. Synthesis of [Cp*RhCl2]2. 
 
 
Figure 1.34. High yield Synthesis of [Cp*RhCl2]2 from Cp* derivative. 
 
1.5.2 Reactivity of Group 9 Half-Sandwich Complexes 
 Group 9 half-sandwich complexes have utility in a large variety of reactions, 
including ligand C-H and C-X bond oxidative-additions, substitutions, oligomerizations, 
and cycloaddition reactions. This section will describe common types of reactivity 
observed for group 9 half-sandwich compounds.  
 
1.5.2.1 Oxidative-Addition 
In 1964, Heck reported that CpCo(CO)2 reacted with X2 (X = Cl, Br, I) to give 
CpCo(CO)X2 (Figure 1.35).
77 In 1966, King confirmed this reactivity for CpCo(CO)I2 
and additionally reported that CpRh(CO)I2 was made by the same oxidative-addition 
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process.78  Yamazaki showed that [CpIrI2]2 could be made by CpIr(cyclooctatetraene) 
oxidatively adding I2 at room temperature (Figure 1.36).
79 
 
 
Figure 1.35. Oxidative addition of I2 to CpCo(CO)2, followed by ligand substitution. 
 
 
Figure 1.36. Synthesis of [CpIrI2]2. 
 
Other halo-oxidative-additions include Cp*Rh(COD) reacting with I2 to form 
[Cp*RhI2]2
80 and reacting CpIr(COD) with I2 to make [CpIrI2]2.
81 As seen with the 
synthesis of CpM(CO)I2 (M = Co, Rh) mentioned above, Cp*Ir(CO)I2 was made from 
the reaction of Cp*Ir(CO)2 with I2.
82  
In 1982, Graham found that Cp*Ir(CO)2 could oxidatively add alkanes via CH 
bond activation. When Cp*Ir(CO)2 was irradiated with a mercury lamp in neopentane 
(2,2-dimethylpropane) or cyclohexane, Cp*Ir(CO)H(CH2C(CH3)3) and 
Cp*Ir(CO)H(C6H11) were made.
83 Graham also showed that CpIr(CO)2 or Cp*Ir(CO)2 
under methane pressure in a solution of perfluorohexane oxidatively added methane 
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forming CpIr(CO)H(CH3) (Figure 1.37) or Cp*Ir(CO)H(CH3), respectively.
84 Werner, in 
1988, showed that CpRh(dppe) could undergo oxidative-addition with CH2X2 (X = Br, I) 
to give [CpRh(dppe)CH2X]X, which when X = I, could subsequently be converted to 
[CpRh(dppe)CH2I]PF6 using NH4PF6.
85 
 
 
Figure 1.37. Oxidative-addition of methane to CpIr(CO)2. 
 
In 1982, Jones found that when Cp*Rh(P(CH3)3)Cl2 reacted with (p-
C6H4CH3)MgBr, Cp*Rh(P(CH3)3)Br(C6H4CH3) formed.
86 This compound was 
transformed to Cp*Rh(P(CH3)3)H(p-C6H4CH3) by gentle heading with Li[HB(Bu)3], 
which then quickly isomerized to Cp*Rh(P(CH3)3)H(m-C6H4CH3).  Jones proposed that 
the mechanism for isomerization involved an η2-arene intermediate formed by the 
reductive elimination of H-[p-C6H4CH3], and then rapid oxidative-addition to form the 
meta isomer (Figure 1.38). 
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Figure 1.38.  Isomerization of p-CH3-C6H4-M to m-CH3-C6H4-M via reductive 
elimination followed by rapid oxidative-addition. 
 
DFT studies of the mechanism of oxidative-addition in these complexes were 
carried out by Ziegler by investigating the electronic and molecular structures of CpML 
(M = Rh, Ir; L = CO, PH3) compounds.
87 He found that these complexes had a high 
singlet ground state, with a high energy HOMO, and an empty σ-type d-based orbital that 
interacted well with the incoming CH bond of methane.  This result contrasts to the 
M(CO)4 (M = Ru, Os) complexes, which have an occupied orbital, and which had been 
experimentally shown to not be as active toward methane CH oxidative-addition. 
 Group 9 half-sandwich compounds underwent oxidative-addition with 
perfluoroalkyl iodides (RF-I) as well.
88-91 CpM(CO)2 (M = Co, Rh, Ir) reacted with 
primary and secondary fluoroalkyl iodides to give CpM(CO)(RF)I (Figure 1.39). These 
reactions had a mechanism different from hydrocarbon oxidative-addition due to the 
reverse polarity of the RF-I bond.   
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Figure 1.39. Oxidative-addition of fluoropropyl iodide to CpM(CO)2 (M = Co, Rh, Ir). 
 
When cobalt or rhodium compounds were used, they underwent ligand 
substitution with P(CH3)3 to give CpM(P(CH3)3)(RF)I (M = Co, Rh); however, in the case 
of iridium, [CpIr(CO)(P(CH3)3)(RF)]
+I– resulted.88  When Cp*Rh(P(CH3)3)(C2H4) reacted 
with RF-I, an olefin perfluoroalkylation insertion took place to form 
Cp*Rh(P(CH3)3)I(CH2CH2RF).
92 
Iridium dithiolate and diselenlate half-sandwich complexes were made by the 
photo-induced reaction of Cp*Ir(CO)2 or Cp*Ir(PR3)Cl2 (R = CH3, Ph) with E2Ph2 (E = 
S, Se) to give Cp*Ir(CO)(EPh)2 or Cp*Ir(PR3)(EPh)2, respectively.
93 The thiol- or 
selenlium-group then chelated with other metal carbonyl complexes including Cr(CO)4, 
Mo(CO)4, and Fe(CO)3, to make, for the iridium carbonyl compounds, 
Cp*Ir(CO)(EPh)2[Cr(CO)4], Cp*Ir(CO)(EPh)2[Mo(CO)4], and 
Cp*Ir(CO)(EPh)2[Fe(CO)3]. (Figure 1.40) 
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Figure 1.40. Substitution of CO and oxidative-addition of thiol ligand on Cp*Ir and 
subsequent coordination of SPh ligands with Cr(CO)4. 
 
1.5.2.2 Ligand Substitution 
As discussed above, the synthesis of group 9 half-sandwich complexes by 
substitution of carbonyls for cyanide and isocyanide (1.5.1.2 Cyanide and Isocyanide 
Compounds), alkene (1.5.1.3 Alkene Compounds), and phosphine (1.5.1.4 Phosphine 
Compounds) ligands is a common approach to making half-sandwich complexes.  
Described in the rest of this section is the synthesis of additional compounds made by 
ligand substitution. 
CpCo(CO)I2, described above, reacted with pyridine to give CpCo(NC5H5)I2 
(Figure 1.41), 2,2’-bipyridyl to give [CpCo(N2C10H5)I]I, o-phenanthroline to give 
[CpCo(N2C12H8)I]I, and triphenylphosphine to give CpCo(PPh3)I2.  When CpCo(PPh3)I2 
was treated with methylmagnesium bromide CpCo(CH3)2(PPh3) was produced. 
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Figure 1.41. Ligand substitution of pyridine for CO. 
  
CpCo(PPh3)(CH3)2 underwent substitution with the N-heterocyclic carbene 
(NHC) 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene (IPr) to give CpCo(IPr)(CH3)2 
in low yields (8.9%).94  The reactivity of IPr with CpCo(CO)2 was much higher 
producing CpCo(IPr)(CO) in 72% yield.  Baird concluded that this was due to both steric 
factors, the CO had much less steric bulk than the methyl groups or phosphine ligands, 
and electronic factors, with the IPr being a stronger electron donor than CO. 
 There are a number of other routes to NHC group 9 half-sandwich compounds. In 
2012, Radius reported making a 1,3-diisopropylimidazolin-2-ylidene(iPr2Im)-cobalt-
cyclopentadiene complex (CpCo(C2H4)(
iPr2Im)) from CpCo(C2H4)2 and 
iPr2Im.
95 
CpCo(C2H4)(
iPr2Im) underwent ligand substitution with CO, losing ethene to give 
CpCo(CO)(iPr2Im).  This same reactivity was seen when using Cp* as well. When 
Cp*Co(CO)(iPr2Im) is exposed to oxygen an air stable cobalt-carbonato complex, 
Cp*Co(iPr2Im)(O2CO), formed. (Figure 1.42) 
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Figure 1.42. Ligand substitution of C2H4 for NHC on CpCoL2. 
 
(Indenyl)Ir(COD) has been used for the synthesis of iridium-indenyl-phosphine 
complexes including: (indenyl)Ir(PPh3)2 and (indenyl)Ir(dppe).
96  
 
1.5.2.3 Catalysis 
1.5.2.3.1 Alkyne Cyclization 
The first cobalt-cyclobutadiene-cyclopentadiene compound, CpCo(C4Ph4), was 
developed in 1961, by the reaction of CpCo(COD) with diphenylacetylene in refluxing 
xylene.97  In 1967, Rausch and Genetti showed that the same product could be made from 
CpCo(CO)2 with diphenylacetylene in refluxing benzene.
98 (Figure 1.43) The reaction 
also produced CpCo(C4Ph4C=O) as another principle product, as well as 
hexaphenylbenzene. Soon thereafter, Helling reported a large array of CpCo(C4R4) 
complexes (R = Ph, Si(CH3)3, SnPh3, CH3, COCH3, CHO, CF3, H).
99  Other routes for the 
synthesis of cobalt-cyclobutadiene-cyclopentadiene compounds have also been 
achieved.100-103  
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Figure 1.43. Two routes to the synthesis of CpCo(η4-C4Ph4). 
 
The first cyclobutadiene-cyclopentadienyl rhodium compound, CpRh(η4-C4H4), 
was made by Gardner and Rausch in 1973, by reacting CpRh(CO)2 with photolyzed 
alpha-pyrone.40 A dimerized rhodium carbonyl complex was formed as a side product. 
When they treated CpRh(CO)2 with acetylene, CpRh(C4H3COCH3) was formed (Figure 
1.44). Gardner, Andrews, and Rausch also showed that CpM(CO)2 (M = Rh, Ir) could be 
used as a trimerization catalyst for diphenylacetylene and bishexafluoroacetylene 
respectively.38 The reactions resulted in several new di- and tri-organorhodium and 
organoiridium complexes.  
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Figure 1.44. Synthesis of CpRh(C4H4) (top) and CpRh(C4H3(COCH3)) (bottom). 
 
CpCo(CO)2 has proven to be very useful for cyclotrimerizations and 
cooligomerizations.  Vollhardt showed this with the reactions of 1,6-heptadiene, 1,7-
octadiyne, and 1,5-hexadiynes, with a large number of monoacetylene substrates (Figure 
1.45).104 
  
Figure 1.45. Tables of intramolecular or cooligermerization yields catalyzed by 
CpCo(CO)2. 
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Bergman investigated the mechanism cobalt-catalyzed cyclotrimerization of 
acetylenes with CpCo(PR3)2 (R = Ph, Et, CH3), and found that the reaction was critically 
dependent upon the nature of the alkyne.105  When 2-butyne reacted with CpCo(PR3)2, 
CpCo(PR3)(C5Me4) formed, but when heated with another equivalent of 2-butyne the 
trimerization to hexaethylbenzene occurred. Along these lines, Yamazaki showed that in 
reactions involving mixtures of acetylene derivatives, the resulting metallocene and 
hexaalkyl-benzene products were highly dependent on the way the acetylene derivatives 
first complexed to the metal.67,105 
Density functional theory (DFT) studies on the mechanism of acetylene 
trimerization with CpCoL2 (L = CO, PH3, C2H4) indicated that the first step was ligand 
substitution by acetylene, followed by oxidative coupling of the alkynes.106 According to 
calculations, the oxidative coupling step was thermodynamically favorable (ΔH = –13.1 
kcal/mol) and had a relatively low activation energy (ΔH‡ = 12.8 kcal/mol),  which 
allowed the coupling to proceed in a facile manner.  When this intermediate underwent 
reductive cyclization, CpCo(cyclobutadiene) formed.  If instead, a third acetylene 
coordinated, CpCo(C6H6) was produced, which then loses the phenyl-ring upon 
substitution by a new acetylene.  In 2007, Gandon and Aubert reported further theoretical 
studies showing that the oxidatively coupled product spontaneously relaxed to the triplet 
ground state, and it was this species that continued in the mechanistic cycle.107 They also 
showed that depending on the σ-donating strength of the ligands or solvent, different 
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mechanistic pathways were possible (Figure 1.46).  Similar mechanistic pathways were 
suggested for CpRhL2 catalyzed acetylene and acetonitrile trimerizations.
108 
 
Figure 1.46. Proposed mechanism of acetylene trimerization. 
 
In 1985, Booth looked at the differences between a variety of rhodium half-
sandwich compounds including CpRh(COD), CpRh(CO)2, Cp*Rh(C2H4)2, and 
Cp*Rh(PF3)2 as cyclotrimerization catalysts.
109 He found that as the π-acceptor strength 
of the Cp-ligand increased, the rate of trimerization for dimethylacetylenedicarboxylate 
decreased, but for 3-hexyne the rate of trimerization increased. By also observing that the 
rates of reaction differ depending on the dative ligands, Booth concluded that the 
mechanism of trimerization involved ligand complexation throughout the catalytic cycle.  
This continual coordination could be easily achieved if the Cp-ring underwent ring-
slippage (η5→η3) as the alkynes were coordinating. 
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CpM (M = Co, Rh) compounds have also been shown to be useful for the 
synthesis of M-capped cyclacenes.110  By reacting CpCo(CO)2 with 5,6,11,12-
tetradehydro-dibenzeno-[a,e]-cyclooctene, a tricapped-cyclene was formed (Figure 1.47), 
other derivatives were made using CpCo(C2H4)2, CpRh(C2H4)2, or CpRh(CO)2 with a 
variety of cyclooctadiyne precursors. 
   
Figure 1.47. Synthesis of CpCo-capped cyclacene. 
  
Linear phenylene complexes also coordinated CpCo into the framework through 
the cyclobutadiene rings.  Vollhardt showed that these compounds underwent thermally 
reversible photoinduced metallahaptotropism between the cyclobutadiene rings.111 
CpCo(CO)(furmerate) complexes are air-stable and catalyze a number of [2+2+2] 
cycloadditions.112 CpCo(CO)(dimethylfumarate) was made from the reaction of 
CpCo(CO)2 with dimethylfumarate in refluxing toluene under visible light irradiation. 
One example of the reactivity of CpCo(CO)(dimethylfumarate) was the intramolecular 
[2+2+2] cycloaddition reaction of 4,9-dioxa-dodeca-1,6,11-tryene to 1,3,6,8-tetrahydro-
2,7-dioxa-as-indacene (Figure 1.48), which gave 85% yield compared to 14% for 
CpCo(CO)2 under the same conditions. When CpCo(CO)(dimethylfumarate) was 
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employed in a stoichiometric reaction with diphenylacetylene, CpCo(C4Ph4) formed as 
the major product and CpCo(Ph4C5O) as the minor product.  This is different from the 
corresponding reactions with CpCo(CO)2, which gives both products in close to equal 
ratios. 
 
 
Figure 1.48.  Intramolecular [2+2+2] cycloaddition catalyzed by 
CpCo(CO)(dimethylfumarate). 
 
The synthesis of CpCo(C4(C6H4X)) (X = 4-O(CH3), 3,5-O(CH3), 3-NH3, 4-Br, 4-
I, 4-C4H9, 4-CO2(CH3), 4-(BO2C2(CH3)4)) was developed by Aubert and Gandon, 
through the reaction of CpCo(CO)(dimethylfumarate) with functionalized alkynes.113 
They expanded this reactivity to make new CpCo complexes by performing cross-
coupling reactions on the cyclobutadiene ligand. 
1.5.2.3.2 Hydrogenation 
When [Cp*MCl2]2 (M= Rh, Ir) was reacted with H2 in the presence of base µH-
µCl-[Cp*MCl]2 was formed (Figure 1.49). µH-µCl-[Cp*MCl]2 subsequently catalyzed 
the hydrogenation of mono-olefins including cyclohexene, cyclopentene, 4-methylpent-1-
ene, cis-4-methylpent-2-ene, and trans-4-methylpent-2-ene.114  When reacted with 1,3-
butadiene, the catalyst formed a hydrogenated enyl complex (Figure 1.50). 
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Figure 1.49. Structure of µH-µCl-[Cp*RhCl]2. 
 
Figure 1.50. Reaction of µH-µCl-[Cp*RhCl]2 with 1,3-butadiene. 
 
1.5.2.3.3 Cross-Coupling 
[Cp*RhCl2]2 has often been used in cross-coupling reactions with olefins, 
alkynes, and arenes.115 An example of high yield cross-coupling reactions with 
[Cp*RhCl2]2 is shown in Figure 1.51. 
 
Figure 1.51. [Cp*RhCl2]2 catalyzed cross-coupling reaction. 
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1.6 Metallacarbaboranes 
Metallacarboranes are carboranes that have incorporated transitions metals into 
the cage framework. Of the nine metal orbitals available for transition metal bonding, 
three are used for cluster bonding. The skeletal electron count for a transition metal 
fragment is determined by the valence electron (Ve) of the metal plus the electrons 
donated to the metal by the other ligands (Le).  The relationship is Ve + Le – 12 = 
Skeletal electron contribution.  For example, a Co(CO)3, fragment has nine cobalt 
valence electrons and each CO ligand supplies two electrons for a total of 15 electrons 
and then 15–12 = 3.  Therefore a Co(CO)3 fragment contributes three skeletal electrons to 
the cluster. The metal electron donation counts for other selected fragments can be seen 
in Table 1.3. 
 
Table 1.3. Examples of metal cluster compounds and their skeletal electron count. 
Example Number of electrons 
Co(CO)2 1 
CpFe 1 
CpCo 2 
Ir(COD) 1 
Rh(tBuNC)3/Rh(CO)3 3 
Ir(COD)(tBuNC) 3 
(η4-C4H4)Co 1 
CpNi/CpPd/CpPt 3 
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1.6.1 Metalladicarbaboranes 
 Metalladicarbaboranes are boron cluster complexes that have two skeletal carbon 
atoms and at least one skeletal transition metal.  These are the oldest and largest class of 
polyhedral transition metal-boron clusters.  
Hawthorne showed that the open face geometry of 1,2-C2B9H11
2–, which is similar 
to that of the cyclopentadienide anion (C5H5
– or Cp–), could donate six electrons for 
bonding to a metal center.  Hawthorne recognized the similarities, and made the 
ferrocene analogs (C2B9H11)2Fe
2– and ((C2B9H11)Fe(C5H5))
1– (Figure 1.52) as well as a 
variety of other transition metal sandwich compounds.116  These analogs of ferrocene, in 
which iron is in the +2 oxidation state, were anionic, because the dicarbollide ligand has a 
2– charge instead of the 1– charge of Cp–.  Another feature of the dicarbollide anion is 
the tilting of the frontier orbitals, which allows for better overlap with the metal, giving 
them unique properties compared to the analogous Cp or η5-((CH3)5C5)– (Cp*) 
compounds. This also means that metalladicarbaboranes compounds are often more 
stable than their Cp or Cp* counterparts.117  Calculations performed by Hanusa in 1982 
supported the experimental observation that the dicarbollide anion was a direct analog of 
the Cp or Cp* anions.118  The synthesis of these compounds created a new sub-field of 
metallacarboranes and broadened the scope of boron chemistry. 
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Figure 1.52. Stucture of ferrocene analogs (C2B9H11)2Fe
2– and ((C2B9H11)Fe(C5H5))
1–. 
 
Since this first development, an array of different sized metalladicarbaboranes 
have been synthesized in a variety of ways including metal insertion into carborane 
anions, metal insertion into neutral carboranes, insertion of unsaturated hydrocarbons into 
metallaboranes, and polyhedral expansion and contraction.19  The resulting 
metalladicarbaboranes complexes can be functionalized and have been widely used as 
synthetic precursors and catalysts. 
1.6.1.1 Metalladicarbaboranes with Reactive ligands (Half-Sandwich Compound 
Analogs) 
 Half-sandwich metallacarboranes, which are analogous to half-sandwich 
metallocenes, are metal compounds that have a carborane coordinated to one side and can 
have labile or reactive ligands on the other side of the metal.  Examples of several types 
of these complexes are discussed below.  
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When Tl[R2C2B9H9
–] was reacted with FeCl2, CoCl2, Pt(COD)Cl2, or cis-
Pd(PPh3)2Cl2 in THF, the corresponding half-sandwich chloro-dicarbollide derivatives 
were formed.119  Additionally, Ni(COD)2, Ni(COD)(PEt3)2, Pd(
tBuNC)2, Pt(PEt3)3 and 
Pt(P(CH3)2Ph)3 oxidatively open closo-1,8-(CH3)2-C2B9H9 to give 
((CH3)2C2B9H9)Ni(COD), ((CH3)2C2B9H9)Ni(PEt3)2, ((CH3)2C2B9H9)Pd(
tBuNC)2, 
((CH3)2C2B9H9)Pt(PEt3)2, and ((CH3)2C2B9H9)Pt(P(CH3)3Ph)2 respectively, for which all 
metals are in the +2 oxidation state. (Figure 1.53) 
 
Figure 1.53. Polyhedral expansion of closo-1,8-(CH3)2-C2B9H9 with Ni(COD)2 to give 
((CH3)2C2B9H9)Ni(COD). 
 
In the 1990s, half-sandwich 1,5-C8H12 (COD) rhoda- and irida-dicarbaboranes 
were made from the reaction of [M(COD)Cl]2 (M = Rh, Ir) with Na[9-S(CH3)2-7,8-
C2B9H10] to give (9-S(CH3)2-7,8-C2B9H10)Rh(COD) and (9-S(CH3)2-7,8-
C2B9H10)Ir(COD).
120-122  When these compounds were reacted with HX acids (X = Cl, 
Br, I) at room temperature, the corresponding [(9-S(CH3)2-7,8-C2B9H10)MX2]2 dimers 
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were formed (Figure 1.54). These complexes are direct analogs of [CpMX2]2 (M = Rh, 
Ir), which are often precursors for CpM containing materials.  The [(9-S(CH3)2-7,8-
C2B9H10)MX2]2 dimers could easily be split in solutions of strongly coordinating solvents 
(solv) to form (9-S(CH3)2-7,8-C2B9H10)MX2(solv) (M= Rh, Ir). 
 
 
Figure 1.54. Synthesis of [(9-S(CH3)2-7,8-C2B9H10)RhX2]2. 
 
Examples of eleven-vertex rhodium, iridium, and ruthenium half-sandwich 
phosphinometallacarborane complexes were synthesis by Jung and Hawthorne in 1980, 
from the reaction of NaC2B8H11 with a RhClL3 (L = PPh3, P(p-tolyl)3, As(CH3)2Ph, 
P(CH3)2Ph, P(CH3)3, As(CH3)3, Sb(CH3)3, PEt3), IrClLn (n=2: L = P(CH3)2Ph, 
As(CH3)2Ph; n=3: L = PPh3), (Figure 1.55) and Ru(HCl(PPh3)3) respectively.
123  Closo-
1,1-L2-1-H-1,2,4-IrC2B8H10 (L = P(CH3)2Ph, As(CH3)2Ph, PPh3) could be considered an 
octahedral complex in which the iridium has an oxidation state of +3 and the C2B8H10
2– 
ligand was coordinated to the metal in an η6 fashion.  Nido-9,9,9-L3-9,7,8-RhC2B8H11 (L 
=  As(CH3)2Ph, P(CH3)2Ph, P(CH3)3, As(CH3)3, Sb(CH3)3, PEt3) had a much different 
structure than the iridium complexes due to the cage having η4 coordination to the metal 
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and the bridge cage hydrogen remaining between the 10 and 11 boron atoms on the open 
face of the C2B8H11
– ligand, which resulted in a rhodium that had a +1 oxidation state. 
Nido-9,9,9-(PEt3)3-9,7,8-RhC2B8H11 lost one PEt3 at higher temperatures and then slowly 
converted to closo-1,1-(PEt3)2-1-H-1,2,4-RhC2B8H10. Nido-9,9,9-L2-9,7,8-RhC2B8H11 (L 
= PPh3, P(p-tolyl)3) formed when L had a very large cone angle, and was subsequently 
reacted with As(CH3)2Ph to produce an L3-compound. These L2-rhodium complexes 
were considered to have 16 e– at the metal center and were shown to be catalytically 
active in the hydrogenation of vinyltrimethylsilane. 
 
 
Figure 1.55. Synthesis of rhodium- and iridium-half-sandwich-C2B8H11 compounds. 
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1.6.2 Metallatricarbaboranes 
Tricarbaborane anions could be considered directly analogous to Cp– or Cp*– 
anions in that they possess a minus one charge along with an open face for metal 
coordination.  The tricarbaborane anions differ from the dicarbollide, which has a 2– 
charge (Figure 1.56), and as a result the tricarbaborane anions have unique electronic and 
geometric features that give their metal complexes distinct properties. 
 
 
Figure 1.56. Cyclopentadienide analogs, dicarbollide, 2-CH3-C3B3H5
–, tricarbollide, and 
nido-6-R-5,6,9-C3B7H9
–. 
 
The synthesis of the first tricarbaborane, 2-CH3-C3B3H5, by Grimes is described 
above in 1.3.2 Tricarbaboranes.  He was able to prepare the first metallatricarbaboranes, 
(2-CH3-C3B3H5)Mn(CO)3. (Figure 1.57), via reaction of 2-CH3-C3B3H6
–
  with manganese 
carbonyl at elevated temperatures.124  This compound was an isoelectronic analog of 
CpMn(CO)3. 
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Figure 1.57. Structure of isoelectronic (2-CH3-C3B3H5)Mn(CO)3 and CpMn(CO)3 
compounds. 
 
Dialkyl derivatives of nido-2,3,5-C3B3H7, which had one non-adjacent carbon, 
were made by hydroboration of dihydrodiborafuvalenes and subsequent loss of 
triethylborane.125  Reactions of nido-2,3,5-tricarbahexaboranes and its anions with metals, 
including nickel and cobalt, formed closo-metallacarborane cluster and sandwich 
complexes. (Figure 1.58) 
 
 
Figure 1.58. Synthesis and reactivity of nido-2,3,5-C3B3HR6. 
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5-vertex diborolyl sandwich complexes (C3B2R5) were formed from 
dihydrodiborole precursors through deprotonation and reaction with transition metals.19  
Arachno-C3B2R5
3– is isostructural with η5-Cp– and η5-Cp*– and can serve as an analogous 
ligand.  When the diborolyl ring was capped on one face it formed a nido-structure, and 
when capped on both faces it formed a closo-structure.  Direct reaction of diboroles 
(C3B2R5) with iron or cobalt reagents generally yielded closo-triple-decker sandwiches 
(Figure 1.59). 
 
Figure 1.59. Synthesis of closo-triple-decker iron and cobalt sandwiches. 
  
Siebert reported the synthesis of a large number of multi-decker sandwich 
systems comprising a variety of transitions metals sandwiched between diborolyl, Cp, 
and allyl ligands.126  Each level could be tuned synthetically, with this selective control 
potentially allowing the creation of multi-metallic systems having tuned electronic, 
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magnetic, and/or optical properties. Siebert also described larger polydecker sandwich 
systems that have potential applications as semiconductors in the case of polydecker-
nickel, and an insulator in the case of polydecker-rhodium (Figure 1.60).127 
 
Figure 1.60. Polydecker-nickel (left) and polydecker-rhodium (right). 
 
Diborolyl-ruthenium complexes (Figure 1.61) have a 16 electron center, which 
was shown to readily react with electron donors, and could oxidatively add hydrogen gas, 
combine with other organometallic reagents, and incorporate BH or other heteroatoms 
into the diborolyl framework.128 
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Figure 1.61. Synthesis and reactivity of diborolyl-ruthenium. 
 
1.6.2.1 Large Cage Metallatricarbaboranes 
 Both nido-6-R-5,6,9-C3B7H9
– and nido-7,8,9-C3B8H11
– could also be considered 
directly analogous to Cp– or Cp*– (Figure 1.62).  An important distinction between the 
ten (C3B7) and eleven (C3B8) vertex compounds is the puckered versus planar open face.  
The five membered planar face of the tricarbollide (C3B8) gives it a close structural 
relationship to the Cp– and dicarbollide anions.  Conversely the tricarbadecaborane’s six-
membered face, with two of the three carbons on the open face puckered toward the 
metal, allows for a stronger interaction with a metal center, and as discussed later, the 
ability to readily form slipped cage structures.  These differences in structure play a large 
role in influencing the properties of the resulting metallatricarbaborane. 
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Figure 1.62. Cyclopentadiene analogs, tricarbollide and nido-6-R-5,6,9-C3B7H9
–. 
  
1.6.2.1.1 Eleven-Vertex Systems 
 In 1992, Plumb in the Sneddon group reported the synthesis of a series of iron, 
nickel, manganese and cobalt 11-vertex complexes, which could all be considered 
metallocene analogs.129-131  This greatly expanded the field of metallatricarbaboranes and 
allowed for exploration of the C3B7 anion’s metal-binding properties. 
1.6.2.1.1.1 η6-Coordinated RC3B7H9 Ligands 
Closo-1-Cp-Fe-2-CH3-2,3,4-C3B7H9 and commo-Fe-(1-Fe-5-CH3-2,3,5-C3B7H9)-
(1-Fe-4-CH3-2,3,4-C3B7H9) (Figure 1.63) were formed as the major and minor products, 
respectively, in the reaction of Na+(nido-6-R-5,6,9-C3B7H9
–) with CpFe(CO)2I.  The 
geometries of these compounds were predicted and crystallographically confirmed to 
have a closo-octahedral structures with the iron atom centrally located above the six 
membered face. 
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Figure 1.63.  Structures of closo-1-Cp-Fe-2-CH3-2,3,4-C3B7H9 (left) and commo-Fe-(1-
Fe-5-CH3-2,3,5-C3B7H9)-(1-Fe-4-CH3-2,3,4-C3B7H9) (right). 
  
The reaction of FeCl2 with two equivalence of Na
+(nido-6-R-5,6,9-C3B7H9
–) 
produced three isomers of the commo-cage complexes: commo-Fe-(1-Fe-5-CH3-2,3,5-
C3B7H9)2 (Figure 1.63 (right)), commo-Fe-(1-Fe-2-CH3-2,3,5-C3B7H9)2, and commo-Fe-
(1-Fe-2-CH3-2,3,5-C3B7H9)-(1-Fe-4-CH3-2,3,4-C3B7H9), consistent with cage carbon 
rearrangement.  Thermolysis of any of these compounds resulted in a single product 
commo-Fe-(1-Fe-10-CH3-2,3,10-C3B7H9)2, in which the methylated carbon atom had 
moved to the location furthest from the other carbons.130  When arachno-5,6,7-C3B7H12
– 
underwent metal complexation, the cage rearranged to give the same cage geometry as 
when beginning with nido-6-R-5,6,9-C3B7H9
–.130 
 Plumb reported 13C labeling studies that showed the substituted cage carbon can 
migrate through either pentagonal-belt rotation (Figure 1.64), where a single rotation of 
the five-atom pentagonal ring containing the substituted carbon led to its isomerization 
from position 2 to position 4, or triangular face rotation (Figure 1.65) where subsequent 
rotations of the triangular faces led to isomerizations from position 2 to 5 to 10. 
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Figure 1.64. Pentagonal-belt rotation mechanism. 
 
Figure 1.65. Triangular face rotation mechanism. 
  
The nido-6-R-5,6,9-C3B7H9
– anion exists as a racemic mixture which led to the 
formation of RR/SS and RS enantiomers upon formation of the bis-cage complexes. 
Additionally, a large array of isomers were accessible for bis-cage complexes due to the 
orientation of the cages relative to each other, with interconversion taking place upon 
heating.132,133  
For these metallatricarbadecaboranyl analogs of ferrocene, three redox processes 
were observed.134,135  It was found that the oxidation process happened at a less favorable 
potential compared to that of the corresponding Cp2Fe, and each reduction happened at a 
more favorable potential.  For example in the ferratricarbadecaborane described in Figure 
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1.66, the oxidation, Fe(II) → Fe(III), is 0.43 V less favorable that the single electron 
oxidation of ferrocene. Conversely, reduction processes showed the opposite result, the 
ferratricarbadecaborane even undergoing a second reduction that was not observed in 
ferrocene.  Similar trends were seen for other metallocenes and 
metallatricarbadecaboranyl compounds. 
 
 
Figure 1.66. Three redox processes for cyclopentadienyl-tricarbadecaboranyl-iron. (E1/2 
are versus Cp2Fe) 
 
The nido-6-R-5,6,9-C3B7H9
– anion was shown to form complexes with a variety 
of metals including manganese, nickel, vanadium, cobalt, palladium, platinum, 
ruthenium, osmium, zirconium, titanium, and rhenium.19,130,131,135  One example is the 11-
vertex cobaltocene analog, commo-Co-(1-Co-2-CH3-2,3,5-C3B7H9)2, synthesized by 
reacting two equivalents of nido-6-R-5,6,9-C3B7H9
– with CoCl2.
136  As seen with the iron 
compounds, all these complexes had η6-coordinated cages and were significantly more 
stable to air and water than their Cp ligand counterparts. 
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Figure 1.67.  Structure of commo-Co-(1-Co-2-CH3-2,3,5-C3B7H9)2. 
 
 
 Other types of metallatricarbadecaboranyl complexes were achieved by 
incorporating nido-6-R-5,6,9-C3B7H9
–
 ligands into diborolyl sandwich compounds 
discussed in 1.6.2 Metallatricarbaboranes. The nido-6-CH3-5,6,9-C3B7H9
– became one 
of the capping groups in systems such as CpCo(C3B2(CH3)(CH2CH3)4)M(CH3C3B7H9), 
where M = Fe, Co (Figure 1.68), which was synthesized from the reaction of  
CpCo(C3B2(CH3)(CH2CH3)4)
–, Na+(nido-6-CH3-5,6,9-C3B7H9
–), and the corresponding 
metal halide MX2.
136 
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Figure 1.68. CpCo(C3B2(CH3)(CH2CH3)4)M(CH3C3B7H9) (M = Fe (left), Co (right)). 
 
1.6.2.1.1.2 η4-Coordinated RC3B7H9 Ligands 
In the η4 coordination mode, which is analogous to the slipped η3 coordinated Cp, 
the carborane serves as a 4-electron donor, and the resulting metallocene analog has an 
open cage geometry (Figure 1.69). 
 
Figure 1.69. Full coordinated (left) and slipped (right) example of R-C3B7H9 ligand (top) 
and cyclopentadienyl ligand (bottom). 
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η4-Cage coordination is found in the CpNi-, CpPd-, and CpPt-C3B7 nido- 
complexes.  NMR and X-ray crystallographic analyses for all complexes formed with 
these metals, showed the metal center sitting on top the four-membered open face.134  
One example is 9-CpNi-8-CH3-7,8,10-C3B7H9 (Figure 1.70) isolated from the reaction of 
[CpNi(CO)]2 with nido-6-R-5,6,9-C3B7H9
–.  The slipped cage allows for cage 
coordination without breaking the 18-electron rule at the metal center.  
The CpNi-, CpPd-, and CpPt fragments all donate three electrons to the cage 
structure.  In the case of nido-9-CpNi-8-CH3-7,8,10-C3B7H9, the CpNi fragment donates 
3 e– to the cage framework for a total of 26 e– (13 SEP) and 11 vertices, so in keeping 
with the observed open-cage structure the cluster framework is classified as nido.  This 
η4-slipped cage was also seen for a nido-nickel/cobalt 30-electron diborolyl complex 
(Figure 1.71).   
 
Figure 1.70. Structure of nido-9-CpNi-8-CH3-η4-7,8,10-C3B7H9. 
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Figure 1.71. Structure of CpCo(C3B2(CH3)(CH2CH3)4)Ni(CH3C3B7H9). 
 
1.6.2.1.1.3 η6 to η4 Transformations 
 The variability of coordination was further studied by Ramachandran. He found 
that similar to the η5 → η3 ring slippage observed in Cp ligands, the cage could slip from 
the η6 → η4 conformation and that this process was fully reversible.137  The addition of 
isocyanide to closo-1-Cp*Fe-(η6-2-C6H5-2,3,4-C3B7H9) and closo-1-CpRu-(η6-2-CH3-
2,3,4-C3B7H9) resulted in the formation of nido-1-Cp*(CN
tBu)Fe-(η4-9-C6H5-7,9,10-
C3B7H9) and nido-1-Cp(CN
tBu)Ru-(η4-9-CH3-7,9,10-C3B7H9), where the isocyanide had 
coordinated to the metal center without additional ligand loss.  To accommodate the extra 
electron donation to the metal center, the cage slipped from η6 to η4.  The isocyanide 
coordination also increased the donation count of the iron to the cage by 2e– to thus form 
a nido structure.   
As shown in the crystal structure (Figure 1.72), the cage slippage occurred in such 
a way that the coordinating face is C7-B3-B4-C9 and the previously coordinating C10 
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and B11 are no longer directly bound to the metal-center.  When nido-1-Cp*(CNtBu)Fe-
(η4-9-C6H5-7,9,10-C3B7H9) or nido-1-Cp(CNtBu)Ru-(η4-9-CH3-7,9,10-C3B7H9) are 
subjected to vacuum, they returned to their original form where the isocyanide was 
dissociated and the cage was η6-coordinated. 
 
Figure 1.72. Structure of nido-1-Cp*(CNtBu)Fe-(η4-9-C6H5-7,9,10-C3B7H9). 
 
1.6.2.1.1.4 Metallatricarbaboranes (Half-Sandwich Compound Analogs) 
 While a large variety of C2B9 dicarbon-carborane metalla-half-sandwich 
complexes have been made (1.6.1.1 Metalladicarbaboranes with Reactive ligands (Half-
Sandwich Compound Analogs)), there are only a few known examples of half-sandwich 
C3B7 tricarbaboranes, with the first being 1,1,1-(CO)3Mn-2-CH3-2,3,4-C3B7H9 (Figure 
1.73).   This 11-vertex analog of the half-sandwich cymantrene (CpMn(CO)3) was made 
from the reaction of (CO)5MnBr with nido-6-R-5,6,9-C3B7H9
–.138 
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Figure 1.73. Structure of 1,1,1-(CO)3Mn-2-CH3-2,3,4-C3B7H9. 
 
An η6- η4 cage slip, as seen with nido-1-Cp*-1-(CNtBu)-Fe-(η4-9-C6H5-7,9,10-
C3B7H9), was also observed for the CpM(CO)3 analog, closo-1,1,1-(CO)3-2-C6H5-1,2,3,4-
MC3B7H9 (M= Mn, Re) when reacted with CN
tBu.  In this reaction, a nido-1,1,1-(CO)3-
1-(CNtBu)-2-C6H5-1,2,3,4-MC3B7H9 intermediate was isolated, which then proceeded to 
lose a CO and form closo-1,1-(CO)2-1-(CN
tBu)-2-C6H5-1,2,3,4-MC3B7H9.  Based on this 
and other experiments with phosphine ligands, it was determined that ligand substitution 
proceeded through an associative pathway involving an η4-intermediate with one or two 
substitutions possible (Figure 1.74).138   
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Figure 1.74. Scheme of associative pathway for ligand substitution. 
  
The variability in conformation of the C3B7 ligand also shed light on the 
electrochemical properties of M(C3B7) compounds.  As seen in most of the cage 
complexes, closo-1,1,1-(CO)3-2-C6H5-1,2,3,4-MnC3B7H9 could undergo two successive 
one electron reductions.  A second reduction is not observed at all in the analogous 
CpMn(CO)3 complex.  Upon reduction of closo-1,1,1-(CO)3-2-C6H5-1,2,3,4-MnC3B7H9, 
the coordination of the ligand went from η6 → η4 as the extra electrons were introduced.  
This led to the conclusion that the majority of the stabilization energy and ease of 
reduction was due to the flexibility of the C3B7 ligand.
139 
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1.6.2.1.2 Twelve-Vertex Systems 
 The first tricarbollide based metallacarboranes were reported by Stibr in 1995 
when he reacted nido-C3B8H10
– with CpFe(CO)2I to produce two isomers of twelve-
vertex ferratricarbadodecaboranes: closo-1-Cp-1,2,3,4-FeC3B8H11 and closo-1-Cp-
1,2,4,10-FeC3B8H11 (Figure 1.75).
26  In these structures, the iron atom is centered directly 
over the 5-membered planar face of the cage.  Thermal isomerization resulted in the 
rearrangement of the carbon atoms, where the cage atoms migrated through a series of 
diamond-square-diamond rearrangements (Figure 1.76).  Closo-1-Cp*-1,2,3,4-
RuC3B8H11 was made from the reaction of nido-C3B8H10
– with [Cp*RuCl]4 and similar to 
the iron complex underwent isomerization at room temperature.28 
 
 
Figure 1.75. Structures of closo-1-Cp-1,2,3,4-FeC3B8H11 and closo-1-Cp-1,2,4,10-
FeC3B8H11. 
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Figure 1.76. Thermal isomerization of closo-1-Cp-1,2,3,4-FeC3B8H11 to closo-1-Cp-
1,2,3,5-FeC3B8H11 to closo-1-Cp-1,2,4,10-FeC3B8H11. 
 
 Amino functionalized nido-C3B8H10
–, such as nido-7-H2N-7,8,9-C3B8H9
–, can 
form complexes with metal centers, including iron, ruthenium, rhodium, manganese, and 
cobalt.19  For these complexes, isomerizations were again observed that resulted in the 
substituted carbon moving to the para-cage-position (12 position). For example, 
CpFe(CO)2I reacted with nido-7-H2N-7,8,9-C3B8H9
– and gave closo-1-Cp-12-H2N-
1,2,4,12-FeC3B8H10. Upon reflux at slightly elevated temperature, closo-1-Cp-12-H2N-
1,2,4,12-FeC3B8H10 converted to closo-1-Cp-10-H2N-1,2,4,10-FeC3B8H10, where the 
functionalized carbon is in the 10 position.  
 The presence of amino functionality in these complexes allowed for further 
chemical modification.  When functionalized in the para-position, linear molecular 
assemblies were possible and double clusters of metallatricarbollides were made with 
iron and ruthenium centers.140 Nido-7-tBuH2N-2,4,12-C3B8H9
– was reacted with FeCl2 or 
RuCl2(DMSO)4 to give commo-12,12-(
tBuH2N)-1,1-M-(2,4,12-C3B8H10)2 (M = Fe, Ru) 
(Figure 1.77), which were the inorganic analogs of ferrocene and rutheocene, 
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respectively. As seen for the closo-mono-cage compounds, these clusters underwent 
thermal isomerization where one of the functionalized carbons moved to the meta-
position (10 position). 
 
Figure 1.77.  Structure of commo-12,12-(tBuH2N)-1,1-M-(2,4,12-C3B8H10)2. 
 
 Further functionalization at the amino carbon was shown to be possible by Stibr 
in 2005.  Linked metallatricarbadodecaborane clusters were achieved by reacting closo-1-
Cp-12-H2N-1,2,4,12-FeC3B8H10 with 1,4-dibromomethylbenzene and NaH.  Two 
different linked compounds were made: CpFeC3B8H10-NH-CH2(C6H4)CH2-NH-
C3B8H10FeCp which had one aryl linker, and CpFeC3B8H10-N-(CH2(C6H4)CH2)2-N-
C3B8H10FeCp which had two bridging linkers.
141 (Figure 1.78) 
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Figure 1.78. CpFeC3B8H10-NH-CH2(C6H4)CH2-NH-C3B8H10FeCp with one aryl linker 
(top), and CpFeC3B8H10-N-(CH2(C6H4)CH2)2-N-C3B8H10FeCp with two bridging linkers 
(bottom). 
 
 Triply C-functionalized ferratricarbollides, with one carbon amino and the other 
two carbons methyl or phenyl functionalized, were synthesized from nido-7-tBuH2N-
R,R’-7,8,9-C3B8H9 reacting with [CpFe(CO)2]2 to produce closo-1-Cp-12-tBuH2N-2,4-
R,R’-1,2,4,12-FeC3B8H8 and closo-1-Cp-10-tBuH2N-2,4-R,R’-1,2,4,10-FeC3B8H8.142  
The latter isomer resulted from thermal cage rearrangement.  Electrochemical studies of 
these triply C-functionalized ferracarbollides showed similar oxidation potentials; 
however, they only underwent one reversible one-electron redox process.  This is in 
contrast to ferratricarbadecaboranes that displayed two reversible one-electron redox 
process, due to cage slippage.143 
1.6.2.1.3 Thirteen-Vertex Systems 
 Thirteen-vertex diferratricarbabroane cages were made in low yields from the 
reaction of closo-1-Cp-10-tBuH2N-1,2,4,10-FeC3B8H10
2– with CpFe(CO)2I or 
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[CpFe(CO)2]2.
144 This hypercloso family consisted of 4,5-Cp2-4,5,1,6,7-Fe2C3B8H11, 4,5-
Cp2-4,5,1,7,12-Fe2C3B8H11, and 7-
tBuH2N-4,5-Cp2-4,5,1,7,12-Fe2C3B8H10 (Figure 1.79). 
 
 
Figure 1.79. Structure of hypercloso family: 4,5-Cp2-4,5,1,6,7-Fe2C3B8H11, 4,5-Cp2-
4,5,1,7,12-Fe2C3B8H11, and 7-
tBuH2N-4,5-Cp2-4,5,1,7,12-Fe2C3B8H10. 
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1.7 Half-Sandwich Co, Rh, and Ir Metallatricarbadecaboranyl Complexes 
1.7.1 Experimental 
General Procedures.  Unless otherwise noted, all reactions and manipulations were 
performed in dry glassware under nitrogen atmospheres using the high-vacuum or inert-
atmosphere techniques as described by Shriver.145   
Materials. Li+(6-C6H5-5,6,9-C3B7H9
–) was prepared as previously reported.24  Co2(CO)8 
(Strem), I2 (Aldrich), HCl·Et2O (Aldrich), 1,2-bis(diphenylphosphino)ethane (dppe) 
(Aldrich), pentane (Fisher), 2-butyne (Acros), diphenylacetylene (Aldrich), [Rh(CO)2Cl]2 
(Strem), 1M PMe3 in toluene (Aldrich), PMe3 (neat) (Alfa Aesar),  [Rh(COD)Cl]2 
(Strem), [Ir(COD)Cl]2 (Strem), 3-hexyne (Aldrich), and Ir(CO)3Cl (Strem), 
tbutyl-
isocyanide (Aldrich) were used as received.  The reaction solvents, toluene (Fisher), 
tetrahydrofuran (THF) (Fisher), hexanes (Fisher), dichloromethane (Fisher), and benzene 
(Fisher), were dried using appropriate drying agents.  When used for work-up, hexanes 
(Fisher) and dichloromethane (Fisher) were used as received.  The NMR solvents, C6D6 
(D, 99.5%), CDCl3 (D, 99.9%) and CD2Cl2 (D, 99.9%) (Cambridge Isotope), were used 
as received.  
  
Physical Measurements.  1H NMR at 400.1 MHz, 11B NMR at 128.4 MHz, and 31P 
NMR at 161.9 MHz were carried out on a Bruker DMX 400 spectrometer.  All 11B NMR  
shifts are referenced to external BF3·OEt2 (0.00 ppm) with a negative sign indicating an 
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upfield shift.  All 1H chemical shifts were measured relative to residual protons in the 
lock solvents and are referenced to Me4Si (0.00 ppm).  All 
31P NMR chemical shifts are 
referenced to external H3PO4 (0.00 ppm).  High- and low-resolution mass spectra (HRMS 
and LRMS) using negative chemical ionization (NCI) techniques were recorded on a 
Micromass Autospec Spectrometer.  Infrared spectra were recorded on a Perkin-Elmer 
Spectrum 100 FT-IR spectrometer using KBr pellets or NaCl plates.  Silica gel (230-400 
mesh, Fisher) was used for chromatography.  Elemental analyses were performed at 
University of California, Berkeley, CA.  Melting points were obtained on a standard 
melting point apparatus and are uncorrected. 
 
1,1-(CO)2-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.1).  A solution of Co2(CO)8 (417 mg, 
1.22 mmol) and I2 (381 mg, 1.50 mmol) in toluene (5 mL) was stirred in the dark at room 
temperature for 2 h to prepare Co(CO)4I as described in the literature procedure.
146  
Li+(6-C6H5-5,6,9-C3B7H9)
– (500 mg, 2.44 mmol) was added to the solution and the 
solution stirred in the dark overnight for 14 h.  The red solution was chromatographed 
(silica/hexanes) to give 1.1 as a moisture-, air-, and light- sensitive compound.  
1.1: Full characterization not obtained due to compound sensitivity.  Red; 11B NMR 
(128.4 MHz, C5H12) (mult, J = Hz) 5.5 (d, 167), –1.5 (d, 164), –11.3 (d, 165), –14.1 (d, 
160), –27.5 (d, 149), –29.6 (d, 167), –32.5 (d, 169) ppm.  IR (NaCl, cm–1): 2053 (s). 
   
1,1-(CO)2-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.2).  A solution of Li+(6-C6H5-5,6,9-
C3B7H9)
– (350 mg, 1.7 mmol) in THF (5 mL) was stirred with [Rh(CO)2Cl]2 (450 mg, 
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1.16 mmol) in the dark for 14 h at room temperature.  The red solution was 
chromatographed (silica/hexanes) to give 1.2 as a moisture-, air-, and light- sensitive 
compound.   
1.2: Full characterization not obtained due to compound sensitivity.  Red; 11B NMR 
(128.4 MHz, C6H14) ppm (mult, J = Hz) 10.5 (d, 127), 1.3 (d, 113), –4.9 (d, 145), –10.9 
(d, 112), –12.8 (d, 131), –19.9 (d, 153), –26.6 (d, 145).  IR (NaCl, cm–1): 2095 (s), 2040 
(s).  LRMS: m/z calc for C11H14O2B7Rh1: 356.0773, found: 356.1640. 
1,1,1-(CO)3-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.3).  A solution of Li+(6-C6H5-5,6,9-
C3B7H9)
– (350 mg, 1.7 mmol) in THF (5 mL) was stirred with Ir(CO)3Cl (500 mg, 1.7 
mmol) in the dark for 14 h at room temperature.  The red solution was chromatographed 
(silica/hexanes) to give 1.3 as a moisture-, air-, and light- sensitive compound.  
1.3: 40% yield (304 mg, 0.68 mmol); red/yellow; mp 180 °C; Anal. calcd. (3+3(C4H8O): 
C: 41.75, H: 4.55; found: C: 42.14, H: 4.45; 11B NMR (128.4 MHz, CD2Cl2) ppm (mult, 
J = Hz) –1.1 (d, 134), –4.1 (d, 164), –10.3 (d, 151), –12.3 (d, 150), –16.5 (d, 181), –37.6 
(d, 148);  1H{11B} NMR (400.1 MHz, CDCl3) ppm 6.87–7.73 (5H, C6H5), 5.19 (BH), 
4.23 (cage-CH), 3.83 (BH), 3.75 (BH), 3.21 (BH), 3.06 (cage-CH), 3.01 (BH), 2.95 (BH);  
IR (NaCl, cm–1): 2545 (s), 2081 (s), 2028 (s), 1596 (w), 1577 (w), 1490 (w), 1456 (w), 
1444 (w), 1263 (m), 1093 (w), 1076 (w), 1029 (w), 987 (m), 801 (m), 754 (m), 740 (m), 
700 (m). 
1,1-dppe-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.4).  A solution of 1.1 (169 mg, 0.5 mmol) 
and 1,2-bis(diphenylphosphino)ethane (216 mg, 0.54 mmol) in THF (10 mL) was stirred 
at 40 °C for 14 h.  The solvent was vacuum-evaporated and the resulting oil was 
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chromatographed (silica gel) with 1:1 dichloromethane/hexanes eluent to give 1.4.  
Crystals were grown from slow evaporation from pentane.  
1.4: 31% yield (98.1 mg, 0.15 mmol); green; mp 275–277 °C.  Anal. calcd.: C: 64.16, H: 
5.84; found: C: 64.01, H: 6.27.  11B NMR (128.4 MHz, C6D6) ppm (mult, J = Hz) 2.3 (d, 
161), –0.24 (d, br), –15.0 (d, br), –16.1 (d, 114), –28.0 (d, 134), –31.0 (d, 175), –32.5 (d, 
156).  1H{11B} NMR (400.1 MHz, CD2Cl2) ppm 6.85–7.88 (25H, 5C6H5), 6.36 (cage-
CH), 3.14 (BH), 2.55 (1H, CH2), 2.33 (2H, CH2), 1.78 (1H, CH2), 1.62 (BH), 1.26 (BH), 
1.03 (cage-CH), 0.57 (BH), 0.28 (BH);  31P{1H} NMR (161.9 MHz, C6D6) ppm (mult) 
62.3 (s), 78.7 (s).  IR (NaCl, cm–1): 3062 (m), 3028 (m), 2572 (s), 2551 (s), 2530 (s), 
2520 (s), 2483 (s), 1594 (w), 1586 (w), 1572 (w), 1485 (m), 1432 (s), 1419 (m), 1409 
(m), 1334 (w), 1322 (w), 1307 (w), 1273 (w), 1189 (w), 1095 (s), 1026 (m), 1000 (m), 
975 (m), 938 (s), 873 (s), 811 (s), 746 (s), 682 (s), 678 (s), 649 (s), 530 (s), 520 (s), 489 
(s), 475 (m).  
1,1-dppe-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.5).  A solution of 1.2 (100 mg, 0.33 
mmol) and 1,2-bis(diphenylphosphino)ethane (133 mg, 0.33 mmol) in THF (10 mL) was 
stirred at 40 °C for 14 h.  The solvent was vacuum-evaporated and the remaining oil was 
chromatographed (silica gel) with 1:1 dichloromethane/hexanes eluent to give 1.5.  
Crystals were obtained from recrystallization from hot pentane. 
1.5: 35% yield (80.7 mg, 0.12 mmol); red; mp 223–225 °C; Anal. calcd.: C: 60.12, H: 
5.48; found: C: 60.20, H: 5.55; 11B NMR (128.4 MHz, CD2Cl2) ppm (mult, J = Hz) 8.3 
(d, 101), 0.1 (d, 170), –1.2 (d, 151), –10.0 (d, 101), –16.4 (d, 120), –17.4 (d, 114), –21.1 
(d, 114);  1H{11B} NMR (400.1 MHz, CD2Cl2) ppm 6.58–7.68 (25H, 5C6H5), 3.54 (BH), 
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3.12 (cage-CH), 3.00 (cage-CH), 2.81 (BH), 2.71 (BH), 2.09 (4H, CH2), 1.95 (BH), 1.87 
(BH), 1.66 (BH), 1.48 (BH);  31P{1H} NMR (161.9 MHz, C6D6) ppm (mult) 57.5 (d, 
J103Rh-P = 166 Hz);  IR (NaCl, cm
–1): 3058 (m), 3026 (w), 2960 (w), 2925 (w), 2538 (s), 
2228 (s), 1721 (w), 1597 (m), 1573 (w), 1488 (s), 1447 (s), 1435 (s), 1413 (w), 1288 (w), 
1191 (w), 1178 (w), 1161 (w), 1100 (s), 1071 (m), 1026 (m), 1000 (m), 928 (w), 880 (w), 
814 (m), 758 (s), 701 (s), 548 (s), 525 (s), 512 (m), 488 (m). 
1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.6).  A solution of 1.3 (100 mg, 0.22 
mmol) and 1,2-bis(diphenylphosphino)ethane (90 mg, 0.22 mmol) in THF (10 mL) was 
stirred at room temperature for 14 h.  The solvent was vacuum-evaporated and the 
residue was chromatographed (silica gel) with 1:1 dichloromethane/hexanes eluent to 
give 1.6. Crystals were obtained from recrystallization from hot pentane. 
1.6: 39% yield (70 mg, 0.86 mmol); red; mp 135 °C;  11B NMR (128.4 MHz, CDCl3) 
ppm (mult, J = Hz) –8.9 (d, br), –13.1 (d, ~108), –15.8 (d, ~141), –19.0 (d, ~143), –40.2 
(d, 141).  1H{11B} NMR (400.1 MHz, CDCl3) ppm 6.61–7.78 (25H, 5C6H5), 3.83 (BH), 
3.66 (BH), 3.49 (cage-CH), 2.80 (BH), 2.73 (CH2), 2.32 (cage-CH), 2.04 (BH), 1.97 (4H, 
CH2), 1.84 (BH), 0.86 (BH).  
31P{1H} NMR (161.9 MHz, CDCl3) ppm (mult) 17.4 (s).  
IR (NaCl, cm–1): 3057 (m), 2964 (m), 2927 (m), 2534 (s), 2247 (w), 2013 (s), 1595 (w), 
1574 (w), 1486 (m), 1435 (s), 1413 (m), 1312 (w), 1262 (s), 1191 (w). 
1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.7).  A solution of Li+(6-C6H5-5,6,9-
C3B7H9)
– (83 mg, 0.40 mmol) in THF (5 mL) was stirred with [Rh(COD)Cl]2 (200 mg, 
0.40 mmol) in the dark for 14 h at room temperature.  The dark red solution was flash 
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chromatographed (silica gel) with hexanes to give 1.7. Crystals were grown from slow 
evaporation from heptane.   
1.7: 60% yield (100 mg, 0.24 mmol); orange/red; mp 171 °C; Anal.  calcd.: C: 49.93, H: 
6.41; found: C: 49.73, H: 6.43; HRMS: m/z calc for C17H26B7Rh1: 410.1741, found: 
410.1790;  11B NMR (128.4 MHz, CDCl3) ppm (mult, J = Hz) 7.8 (d, 151), 3.8 (d, 148), 
–4.2 (d, 156), –7.3 (d, 182), –9.8 (d, 157), –16.9 (d, 143), –20.4 (d, 153).  1H{11B} NMR 
(400.1 MHz, CDCl3) ppm 7.30–7.56 (5H, C6H5), 3.61 (BH), 3.52 (cage-CH), 3.42 (cage-
CH), 3.26 (BH), 2.57 (2H, COD-CH/BH), 2.44 (2H, COD), 2.15 (BH), 2.03–2.11 (m, 
8H, COD), 1.96 (BH), 1.63 (BH); IR (NaCl, cm–1): 3418 (m), 2921 (w), 2882 (w), 2834 
(w), 2546 (s), 1639 (w), 1490 (w), 1446 (m), 1430 (w), 1336 (w), 1307 (w), 1263 (w), 
1182 (w), 1107 (w), 1038 (w), 977 (w), 932 (w), 859 (m), 820 (w), 791 (w), 749 (m), 699 
(m), 610 (w), 585 (w). 
1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 (1.8).  A solution of Li+(6-C6H5-5,6,9-
C3B7H9)
– (122 mg, 0.60 mmol) in THF (5 mL) was stirred with [Ir(COD)Cl]2 (200 mg, 
0.30 mmol) in the dark for 14 h at room temperature.  The dark red solution was flash 
chromatographed (silica gel) with hexanes to give 1.8. Crystals were grown from slow 
evaporation from heptane.  
1.8: 49% yield (146 mg, 0.29 mmol); red/orange; mp 123–126 °C; Anal. calcd.: C: 40.98, 
H: 5.26; found: C: 40.97, H: 5.08; HRMS: m/z calc for C17H26B7Ir1: 500.2315, found: 
500.2332; 11B NMR (128.4 MHz, CD2Cl2) ppm (mult, J = Hz) 1.5 (d, 151), 0.2 (d, 180), 
–7.1 (d, 152), –10.1 (d, 144), –25.0 (d, 169) –26.9 (d, 151), –28.9 (d, 171);  1H{11B} 
NMR (400.1 MHz, CD2Cl2) ppm 7.39–7.74 (5H, C6H5), 4.13 (BH/1H, COD-H), 3.90 
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(1H, COD-H), 3.53 (BH/1H, COD-H), 3.21 (1H, COD-H), 2.95 (cage-CH), 2.40 (BH), 
1.89 (BH), 1.54 (4H, COD-H), 1.31 (cage-CH), 0.59 (BH), 0.21 (BH), 0.04 (BH);  IR 
(NaCl, cm–1): 3085 (w), 3058 (m), 2992 (s), 2923 (s), 2840 (s), 2681 (w), 2559 (s), 2229 
(w), 1948 (w), 1597 (m), 1579 (w), 1494 (m), 1474 (m), 1465 (m), 1446 (s), 1359 (w), 
1327 (s), 1302 (m), 1262 (m), 1242 (m), 1204 (m), 1181 (m), 1160 (m), 1100 (m), 1076 
(m), 1059 (m), 1037 (m), 1017 (s), 969 (m), 953 (s), 926 (s), 893 (m), 877 (m), 837 (m), 
793 (m), 776 (m), 751 (s), 717 (s), 695 (s), 518 (m), 494 (m).   
1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-CoC3B7H9 (1.9). A solution of 1.1 (50 mg, 
0.2 mmol) in THF (10 mL) was added to a 50 mL flask charged with tert-butyl 
isocyanide (1.0 mL, 0.88 mmol) and the mixture stirred for 20 h. The solvent and 
remaining tert-butyl isocyanide were vacuum-evaporated to give 1.9 as an oil. Crystals 
were grown by slow evaporation of dichloromethane layered with heptane. 
1.9: 62% yield (63 mg, 0.12 mmol); purple; Anal. calcd. (1.9+3 CH2Cl2): C: 44.76, H: 
6.40, N: 5.80; found: C: 44.26, H: 6.35, N: 5.48; 11B NMR (128.4 MHz, CDCl3) ppm 
(mult, J = Hz) –3.4 (d, 125), –8.7 (d, 146), –11.1 (d, 137), –13.1 (d, 153), –17.7 (d, 151), 
–33.5 (d, 169); 1H{11B} NMR (200.1 MHz, CD2Cl2) ppm 7.05–7.76 (5H, C6H5), 4.38 
(cage-CH), 4.13 (BH), 3.86 (BH), 3.13 (BH), 2.97 (cage-CH), 2.89 (BH), 2.82 (BH), 2.77 
(BH), 1.37 (9H, (CH3)3), 0.93 (9H, (CH3)3), 0.80 (9H, (CH3)3);  IR (NaCl, cm
–1): 3418 
(m), 2983 (m), 2936 (w), 2529 (m), 2228 (m), 2186 (s), 2026 (m), 1828 (w), 1597 (w), 
1490 (w), 1474 (w), 1447 (m), 1399 (w), 1372 (m), 1288 (w), 1234 (m), 1203 (s), 1071 
(w), 1026 (w), 983 (w), 929 (w), 760 (s), 689 (m), 594 (s), 532 (m). 
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1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.10).  tert-Butyl isocyanide 
(0.07 mL, 0.63 mmol) was added to a solution of 1.3 (100 mg, 0.21 mmol) in 
dichloromethane (10 mL) and the solution then stirred at 60 °C for 20 h. The solvent was 
vacuum-evaporated to give 1.10 in 75% yield (102 mg, 0.16 mmol).  Crystals were 
grown from slow evaporation from dichloromethane.  
An alternative route to 1.10 was achieved by reacting tert-butyl isocyanide (0.07 
mL, 0.63 mmol) with a stirred solution of 1.8 (100 mg, 0.20 mmol) in THF (10 mL) at 60 
°C for 20 h. The solvent was vacuum-evaporated to give 1.10 in 73% yield (96 mg, 0.15 
mmol). 
1.10: pale yellow; decomposes at 180 °C; Anal. calcd.: C: 45.08, H: 6.46, N: 6.57; found: 
C: 45.41, H: 6.75, N: 5.92; HRMS: m/z calc for C19N2H32B7Ir1 (1.10–CNC(CH3)3): 
559.3176, found: 559.2992;  11B NMR (128.4 MHz, CD2Cl3) ppm (mult, J = Hz) –4.5 (d, 
132), –9.8 (d, 106), –13.7 (d, 144), –15.2 (d, 122), –20.4 (d, br), –43.0 (d, 147);  1H{11B} 
NMR (400.1 MHz, CD2Cl2) ppm 6.99–7.65 (5H, C6H5), 5.09 (BH), 3.91 (BH), 3.79 
(BH), 3.27 (2 BH), 3.06 (BH), 2.96 (cage-CH), 2.09 (BH), 1.84 (cage-CH), 1.26 (9H, 
(CH3)3), 0.96 (9H, (CH3)3), 0.88 (9H, (CH3)3); IR (NaCl, cm
–1): 3055 (w), 2984 (s), 2934 
(s), 2526 (s), 2404 (w), 2245 (s), 2199 (s), 2158 (s), 2064 (m), 1668 (w), 1596 (m), 1575 
(w), 1492 (m), 1474 (m), 1457 (s), 1399 (m), 1371 (s), 1261 (m), 1233 (s), 1205 (s), 1092 
(s), 1037 (s), 990 (s), 912 (s), 801 (m), 757 (m), 733 (s), 700 (s), 663 (w), 647 (m), 585 
(w), 538 (m), 519 (m).  
1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.11).  tert-Butyl 
isocyanide (0.1 mL, 0.88 mmol) was added to a solution of 1.8 (100 mg, 0.21 mmol) in 
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dichloromethane (10 mL) and the solution then stirred at room temperature for 20 h.  The 
solution was filtered and the solvent was vacuum-evaporated to give 1.11.  Crystals were 
grown from slow evaporation from dichloromethane.  
1.11: 74% yield (90 mg, 0.15 mmol); pale yellow; mp 160–162 °C; Anal.  calcd.: C: 
45.44, H: 6.07, N: 2.26; found: C: 45.29, H: 5.86, N: 2.41; 11B NMR (128.4 MHz, 
CD2Cl3) ppm (mult, J = Hz) –2.6 (d, 147), –5.3 (d, 165), –11.3 (d, 130), –13.9 (d, 145), –
16.4 (d, 150), –38.5 (d, 143);  1H{11B} NMR (400.1 MHz, CD2Cl2) ppm 6.97–7.13 (5H, 
C6H5), 4.32 (cage-CH), 4.22 (cage-CH), 4.09 (BH), 3.36 (BH), 3.15 (BH), 2.57 (1H, 
COD-H), 2.19 (BH), 2.16 (1H, COD-H), 2.14 (1H, COD-H), 2.12 (1H, COD-H), 1.94 
(BH), 1.85 (9H, (CH3)3), 1.81 (BH), 1.12 (8H, COD-H); IR (NaCl, cm
–1): 2928 (w), 2940 
(w), 2882 (w), 2837 (w), 2579 (m), 2536 (s), 2493 (m), 2189 (s), 1370 (w), 1189 (w), 990 
(w), 758 (m), 738 (w), 700 (m). 
1,1-(η4-C4(C6H5)4)-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.12).  A solution of 1.1 (100 
mg, 0.4 mmol) in THF (10 mL) was added to a 50 mL flask charged with 
diphenylacetylene (214 mg, 1.2 mmol) and the mixture stirred for 5 d at 60 °C. The 
solvent was vacuum-evaporated, to give a dark red oil, which was chromatographed in 
1:1 hexanes/DCM, to give 1.12 (Rf = 0.6).  
1.12: 20% yield (49 mg, 0.08 mmol); red; oil; 11B NMR (128.4 MHz, CDCl3) ppm (mult, 
J = Hz) 6.7 (d, br), 0.0 (d, br), –2.0 (d, ~130), –5.1 (d, ~142), –19.1 (d, 2B, ~154), –24.3 
(d, 150); 1H NMR (400.1 MHz, THF-d8) ppm 7.69–7.19 (25H, C6H5), 4.10 (cage-CH), 
2.31 (cage-CH).  IR (NaCl, cm–1):  3456 (m), 3080 (w), 3061 (w), 3033 (w), 2574 (m), 
1748 (w), 1601 (m), 1573 (w), 1498 (s), 1443 (m), 1309 (w), 1261 (w), 1211 (w), 1177 
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(w), 1158 (w), 1094 (w), 1070 (m), 1026 (m), 971 (w), 915 (w), 801 (w), 756 (s), 689 (s), 
549 (w), 536 (w), 508 (w). 
1-CO-1,1-(η2-C2(C6H5)2)2-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.13).  A solution of 1.3 
(100 mg, 0.22 mmol) in THF (10 mL) was added to a 50 mL flask charged with 
diphenylacetylene (118 mg, 0.66 mmol) and the mixture stirred for 5 d at 60 °C. The 
solvent was vacuum-evaporated, to give a dark red oil, which was chromatographed in 
1:1 hexanes/DCM, to give 1.13 (Rf = 0.3). 
1.13: 26% yield (45 mg, 0.6 mmol), red, oil; LRMS: m/z calc for C38H34B7O1Ir1 
(1.13+Cl): 808.2592, found: 808.2906.  11B NMR (128.4 MHz, CDCl3) ppm (mult, J = 
Hz) 2.2 (d, br), –4.0 (d, ~150), –11.4 (d, 2B, br), –13.9 (d, ~124), –20.1 (d, ~132), –41.2 
(d, 151).  1H NMR (400.1 MHz, THF-d8) ppm 7.71–7.32 (25H, C6H5), 4.31 (cage-CH), 
3.46 (cage-CH).  IR (NaCl, cm–1): 3306 (m), 3251 (m), 3080 (m), 3060 (m), 3032 (m), 
2545 (s), 2078 (s), 2026 (s), 1668 (w), 1600 (m), 1574 (m), 1497 (s), 1443 (s), 1261 (m), 
1178 (w), 1158 (w), 1096 (m), 1071 (m), 1028 (s), 988 (m), 916 (m), 785 (m), 757 (s), 
691 (s), 549 (m), 537 (m), 510 (m).  
2,2-(η4-COD)-10-(C6H5)-closo-2,1,6,10-IrC3B6H8 (1.14).  3-hexyne (0.36 mL, 3.16 
mmol) was added to a solution of 1.8 (100 mg, 0.21 mmol) in hexanes (10 mL) and the 
solution then stirred at room temperature for 20 h.  The solution was filtered and the 
solvent was vacuum-evaporated.  The red residue was chromatographed (silica gel) with 
hexanes to give 1.14.  Crystals were grown from slow evaporation from hexanes. 
1.14: 72% yield (70 mg, 0.15 mmol); orange; mp 214 °C; Anal.  calcd.: C: 41.97, H: 
5.18; found: C: 41.54, H: 4.96; HRMS: m/z calc for C17H25B6Ir1: 488.2144, found: 
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488.2163; 11B NMR (128.4 MHz, CD2Cl3) ppm (mult, J = Hz) 3.3 (d, 171), –4.2 (d, 158), 
–9.6 (d, 149), –16.5 (d, 160), –19.1 (d, 158), –21.1 (d, 167);  1H{11B} NMR (400.1 MHz, 
CD2Cl2) ppm 7.23–7.55 (5H, C6H5), 4.02 (cage-CH), 3.88 (BH), 2.69 (BH), 2.64 (2H, 
COD-H), 2.40 (BH), 2.34–2.38 (2H, COD-H), 2.18 (cage-CH), 2.04 (BH), 1.64 (BH), 
1.40 (BH), 1.28 (8H, COD-H); IR (NaCl, cm–1): 3216 (s), 2972 (m), 2056 (m), 1412 (s), 
1196 (m), 1088 (m), 803 (w), 719 (w), 639 (w).   
1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-5-I-nido-1,2,3,4-IrC3B7H8 (1.15). Perfluoro-1-
iodohexane (0.1 mL, 0.43 mmol) was added to a solution of 1.11 (100 mg, 0.18 mmol) in 
dichloromethane (10 mL) and the solution then irradiated with a medium pressure 
mercury lamp for 3 h.  The solvent was vacuum-evaporated to give 1.15 in 80% yield 
(102 mg, 0.14 mmol).  Crystals were grown from slow evaporation of dichloromethane 
layered with heptane.  
An alternative route to 1.15 was achieved by reacting I2 (22 mg, 0.09 mmol) with 
a stirred solution of 1.11 (100 mg, 0.18 mmol) in dichloromethane (10 mL) for 12 h.  The 
solvent was vacuum-evaporated to give 1.15 in 80% yield (102 mg, 0.14 mmol).   
1.15: pale orange; mp 196–197 °C; Anal. calcd.: C: 36.67, H: 4.79, N: 1.90; found: C: 
37.36, H: 4.85, N: 1.98;  11B NMR (128.4 MHz, CDCl3) ppm (mult, J = Hz) –0.7 (d, 
133), –6.4 (d, 148), –10.8 (d, 176), –12.2 (d, 137), –14.9 (d, 145). –20.0 (s), –38.4 (d, 
138); 1H{11B} NMR (400.1 MHz, CDCl3) ppm 7.02–7.15 (5H, C6H5), 4.44 (BH), 4.37 
(m, 2H, COD-H), 3.80 (t, 2H, COD-H), 3.44 (BH), 3.16 (BH), 2.96 (cage-CH), 2.54/2.56 
(dd, 4H, COD-H), 2.21 (BH), 2.18 (m, 4H, COD-H), 1.92 (9H, (CH3)3), 1.41 (cage-CH), 
1.13 (BH); IR (NaCl, cm–1): 2981 (w), 2942 (w), 2886 (w), 2848 (w), 2550 (s), 2191 (s), 
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1492 (w), 1473 (w), 1443 (w), 1371 (m), 1086 (w), 1036 (w), 989 (m), 915 (w), 850 (m), 
760 (m), 738 (m), 703 (m). 
 
Collection and Reduction of the Data.  Crystallographic data and structure refinement 
information are summarized in Table 1.4.  X-ray intensity data for crystals 1.4 
(Penn3401), 1.5 (Penn3416), 1.6 (Penn3417), 1.7 (Penn3421), 1.8 (Penn3423), 1.9 
(Penn3435), 1.10 (Penn3438), 1.11 (Penn3437), 1.14 (Penn3431), and 1.15 (Penn3439) 
were collected on a Bruker APEXII CCD area detector employing graphite-
monochromated Mo-Kα.  Preliminary indexing was performed from a series of thirty-six 
0.5° rotation frames with exposures of 10 seconds.  Rotation frames were integrated 
using SAINT, producing a listing of unaveraged F2 and σ(F2) values that were then 
passed to the SHELXTL program package for further processing and structure solution.  
All reflections were used during refinement.  Non-hydrogen atoms were refined 
anisotropically, cage hydrogen atoms were refined isotropically, and all other hydrogen 
atoms were refined using a riding model. 
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Table 1.4. Crystallographic data. 
 
1.4: 1,1-dppe-
2-(C6H5)-closo-
1,2,3,4-
CoC3B7H9 
1.5: 1,1-dppe-
2-(C6H5)-closo-
1,2,3,4-
RhC3B7H9 
1.6: 1-CO-1,1-dppe-
2-(C6H5)-nido-
1,2,3,4-IrC3B7H9 
empirical 
formula 
C35B7H38P2Co C35B7H38P2Rh C73B14H78P4O2Cl2Ir2 
formula 
weight 
655.19 699.17 1717.87 
crystal class monoclinic monoclinic triclinic 
space group P21/n P21/n 
P1
_
  
Z 4 4 1 
a, Å 11.5192(6) 11.6572(9) 9.7645(7) 
b, Å 17.6108(8) 18.1448(13) 9.7920(7) 
c, Å 16.6383(10) 15.8603(12) 18.9940(15) 
deg   101.746(4) 
, deg 102.849(3) 92.054(4) 93.362(5) 
deg   96.229(3) 
V, Å3 3290.8(3) 3352.6(4) 1761.5(2) 
Dcalc, g/cm
3 1.322 1.385 1.619 
μ, mm–1 0.645 0.630 3.988 
λ, Å (Mo–Kα) 0.71073 0.71073 0.71073 
crystal size, 0.35 x 0.15 x 0.32 x 0.14 x 0.22 x 0.18 x 0.04 
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mm 0.02 0.02 
F(000) 1360 1432 850 
2 angle, deg 3.42–55.04 3.42–55.2 4.22–55.04 
temperature, 
K 
143(1) 143(1) 143(1) 
hkl collected –14  h  14, 
–22  k  22, 
–21  l  21 
 
–15  h  15, 
–23  k  23, 
–20  l  20 
–12  h  11,  
–12  k  12, 
 –24  l  24 
 
no. meas 
reflns  
56996 85331 34960 
 
no. of unique 
reflns 
7513  
[Rint = 0.0566] 
 
7755  
[Rint = 0.0259] 
8005 
[Rint = 0.0506] 
 
no. parameters 443 437 479 
 
Ra indices 
(F>2σ) 
R1 = 0.0346,  
wR2 = 0.0719 
R1 = 0.0291,  
wR2 = 0.0661 
R1 = 0.0542, 
wR2 = 0.1489 
Ra indices (all 
data) 
R1 = 0.0580,  
wR2 = 0.0801 
 
R1 = 0.0365,  
wR2 = 0.0722 
R1 = 0.0587, 
wR2 = 0.1527 
GOFb 1.012 1.077 1.200 
final 
difference 
peaks, e/Å3 
0.343, –0.268 0.619, –0.519 5.069, –2.907 
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Table 1.4 (cont). Crystallographic data. 
 1.7: 1,1-(η4-
COD)-2-(C6H5)-
closo-1,2,3,4-
RhC3B7H9 
1.8: 1,1-(η4-
COD)-2-(C6H5)-
closo-1,2,3,4-
IrC3B7H9 
1.9: 1,1,1-
(CNC(CH3)3)3- 
2-(C6H5)-nido- 
1,2,3,4-CoC3B7H9 
empirical formula C17B7H26Rh C17B7H26Ir C24B7H41N3Co 
formula weight 408.96 498.25 506.20 
crystal class monoclinic triclinic monoclinic 
space group P21/n 
P1
_
  
Cc 
Z 8 2 4 
a, Å 16.5192(19) 6.6522(10) 10.1503(3) 
b, Å 12.4153(15) 12.267(2) 17.9661(5) 
c, Å 19.305(2) 13.771(2) 16.5896(5) 
deg  115.260(6)  
, deg 111.525(6) 93.055(7) 102.937(2) 
deg  93.212(7)  
V, Å3 3683.1(7) 1011.0(3) 2948.51(15) 
Dcalc, g/cm
3 1.475 1.637 1.140 
μ, mm–1 0.923 6.599 0.599 
λ, Å (Mo–Kα) 0.71073 0.71073 0.71073 
crystal size, mm 0.22 x 0.10 x 0.04 0.28 x 0.20 x 0.18 0.40 x 0.07 x 0.03 
F(000) 1664 480 1072 
2 angle, deg 2.78–55.1 3.68–55.24 4.54–55.02 
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temperature, K 143(1) 143(1) 100(1) 
hkl collected –21  h  19, 
0  k  16, 
0  l  25 
–8  h  8,  
–15  k  15,  
–17  l  17 
–13  h  13 
 –23  k  23 
 –21  l  21 
no. meas reflns  191449 32785 48878 
no. of unique 
reflns 
8465 
[Rint = 0.0565] 
4640 
[Rint = 0.0214] 
6688  
[Rint = 0.0319] 
 
no. parameters 660 331 481 
Ra indices (F>2σ) R1 = 0.0291,  
wR2 = 0.0692 
R1 = 0.0158, 
wR2 = 0.0386 
R1 = 0.0244, 
wR2 = 0.0538 
Ra indices (all 
data) 
R1 = 0.0380,  
wR2 = 0.0725 
R1 = 0.0165, 
wR2 = 0.0392 
R1 = 0.0286, 
wR2 = 0.0559 
GOFb 0.999 
 
1.246 0.907 
final difference 
peaks, e/Å3 
0.719, –0.370 1.176, –1.478 0.338, –0.153 
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Table 1.4 (cont). Crystallographic data. 
 
1.10: 1,1,1-
(CNC(CH3)3)3- 
2-(C6H5)-nido- 
1,2,3,4-IrC3B7H9 
1.11: 1,1-(η4-
COD)- 
1-(CNC(CH3)3)-2-
(C6H5)- 
nido-1,2,3,4-
IrC3B7H9 
1.14: 2,2-(η4-
COD)-10-(C6H5)-
closo-2,1,6,10-
IrC3B6H8 
empirical formula C24B7H41N3Ir C22B7H35NIr C17B6H25Ir 
formula weight 639.47 581.38 486.43 
crystal class monoclinic monoclinic triclinic 
space group P21/n P21/n 
P1
_
  
Z 4 4 8 
a, Å 10.8239(2) 10.5125(5) 9.9269(7) 
b, Å 19.4299(4) 20.7768(9) 14.9468(11) 
c, Å 14.8809(3) 10.5997(5) 25.482(2) 
deg   107.029(4) 
, deg 92.9850(10) 90.414(2) 95.462(6) 
deg   91.425(4) 
V, Å3 3125.32(11) 2315.08(18) 3593.2(5) 
Dcalc, g/cm
3 1.359 1.668 1.798 
μ, mm–1 4.288 5.778 7.425 
λ, Å (Mo–Kα) 0.71073 0.71073 0.71073 
crystal size, mm 0.38 x 0.38 x 0.10 0.48 x 0.15 x 0.04 0.35 x 0.05 x 0.02 
F(000) 1272 1144 1872 
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2 angle, deg 4.20–55.06 3.84–55.12 2.86–55.12 
temperature, K 100(1) 100(1) 143(1) 
hkl collected –14  h  14 
–25  k  25 
–19  l  19 
 
–13  h  13 
 –27  k  27 
 –13  l  13 
 
–12  h  12,  
–19  k  19,  
–33  l  33 
no. meas reflns  47509 
 
72534 82455 
no. of unique 
reflns 
7183  
[Rint = 0.0243] 
 
5345  
[Rint = 0.0384] 
16204  
[Rint = 0.0466] 
no. parameters 481 
 
285 901 
Ra indices (F>2σ) R1 = 0.0174,  
wR2 = 0.0414 
 
R1 = 0.0453, 
wR2 = 0.0970 
R1 = 0.0560,  
wR2 = 0.1114 
Ra indices  
(all data) 
R1 = 0.0192, 
wR2 = 0.0423 
 
R1 = 0.0461,  
wR2 = 0.0974 
 
R1 = 0.0749,  
wR2 = 0.1203 
 
GOFb 1.119 
 
1.128 
 
1.052 
 
final difference 
peaks, e/Å3 
0.923, –0.832 6.432, –1.806 7.438, –6.040 
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Table 1.4 (cont). Crystallographic data. 
 1.15: 1,1-(η4-
COD)- 
1-(CNC(CH3)3)-
2-(C6H5)-5-I- 
nido-1,2,3,4-
IrC3B7H8 
empirical formula C22B7H34NIIr 
formula weight 707.27 
crystal class monoclinic 
space group Pn 
Z 4 
a, Å 9.7484(5) 
b, Å 17.0714(9) 
c, Å 15.9074(8) 
deg  
, deg 104.075(2) 
deg  
V, Å3 2567.8(2) 
Dcalc, g/cm
3 1.829 
μ, mm–1 6.413 
λ, Å (Mo–Kα) 0.71073 
crystal size, mm 0.40 x 0.25 x 0.04 
F(000) 1352 
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2 angle, deg 3.56–55.20 
temperature, K 100(1) 
hkl collected –12  h  12 
 –22  k  22 
 –20  l  20 
no. meas reflns  62161 
no. of unique 
reflns 
10581  
[Rint = 0.0325] 
no. parameters 585 
Ra indices (F>2σ) R1 = 0.0238,  
wR2 = 0.0622 
Ra indices  
(all data) 
R1 = 0.0245,  
wR2 = 0.0629 
GOFb 1.048 
final difference 
peaks, e/Å3 
2.574, –1.037 
aR1 = ||Fo| – |Fc||/|Fo|; wR2 = {w(Fo2 – Fc2)2/w(Fo2)2}1/2 
bGOF = {w(Fo2 – Fc2)2/n–p)}1/2 where n = no. of reflns; p = no. of params refined 
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1.7.2 Results and Discussion 
1.7.2.1 Synthesis of Dicarbonyl Complexes 
The synthesis of 1,1-(CO)2-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.1) was achieved 
by employing the previously developed method for the synthesis of CpCo(CO)2.
36,147  In 
a typical reaction, Co(CO)4I was made by stirring Co2(CO)8 with I2 in toluene at room 
temperature for 4 h.  Co(CO)4I was then reacted with Li
+(6-C6H5-5,6,9-C3B7H9
–) to form 
1.1 (Figure 1.80).  The 
11B NMR spectra of 1.1 showed 7 distinct resonances between 20 
and –35 ppm (Figure 1.81).   These shifts are in the expected range for a metal-
coordinated η6-6-C6H5-5,6,9-C3B7H9 ligand.136,138  The IR CO stretching frequencies 
(2053 cm–1) for 1.1 are higher than the IR CO stretching frequencies of the CpCo(CO)2 
(2023 and 1957 cm–1) and Cp*Co(CO)2 (1999 and 1934 cm
–1) complexes. This result is 
consistent with the previously observed CO stretching frequencies in 1,1,1-(CO)3-2-
(C6H5)-closo-1,2,3,4-MnC3B7H9 (2051, 2002, and 1964 cm–1) versus CpMn(CO)3 (2027 
and 1944 cm–1), and again illustrates the more electron withdrawing properties of the η6-
6-C6H5-5,6,9-C3B7H9 versus the η5-Cp ligand.  This also indicates that the Co–C bond is 
weaker for 1.1 and thus the carbonyls are more labile.   
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Figure 1.80. Synthesis of 1,1-(CO)2-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.1). 
 
 
Figure 1.81. 11B{1H} NMR spectrum of 1,1-(CO)2-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 
(1.1).  
 
The synthesis of 1,1-(CO)2-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.2), employing 
the method used for the synthesis of CpRh(CO)2,
38,39 resulted from the reaction of 
[Rh(CO)2Cl]2 with Li
+(6-C6H5-5,6,9-C3B7H9
–) in THF at room temperature (Figure 1.82). 
The 11B NMR spectra of 1.2 showed the 7 resonances, between 15 and –30 ppm, 
expected for η6-6-C6H5-5,6,9-C3B7H9 ligand complexation (Figure 1.83). The IR CO 
stretching frequency showed the same trend as the cobalt complex, with 1.2 having higher 
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stretching frequencies (2084 and 2011 cm–1) than that of the corresponding CpRh(CO)2 
(2051 and 1994 cm–1) and Cp*Rh(CO)2 (2034 and 1966 cm
–1) compounds, again 
indicating a weaker Rh–C bond, and more labile carbonyl ligands. 
 
 
Figure 1.82.  Synthesis of 1,1-(CO)2-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.2). 
 
 
Figure 1.83. 11B{1H} (top) and 11B (bottom) NMR spectra of 1,1-(CO)2-2-(C6H5)-closo-
1,2,3,4-RhC3B7H9 (1.2).  
 
 
Previous studies,134,136,138 demonstrated that the cage-CH shifts in the 1H NMR 
spectra can be used as a key diagnostic tool in determining cage-metal coordination 
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hapticity.  When the cage is η6-6-C6H5-5,6,9-C3B7H9 coordinated, the C4-H resonance 
appears at higher fields (0.0 to 3.0 ppm), and the C3-H appears at lower fields (5.0 to 6.0 
ppm).  However, when the cage is η4-6-C6H5-5,6,9-C3B7H9 coordinated, both cage CH 
peaks appear midfield (2.0 to 4.0 ppm). 
When Li+(6-C6H5-5,6,9-C3B7H9
–) was reacted with Ir(CO)3Cl, the expected 1,1-
(CO)2-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 did not form, but instead 1,1,1-(CO)3-2-(C6H5)-
nido-1,2,3,4-IrC3B7H9 (1.3) was produced (Figure 1.84).  The 11B NMR spectra of 1.3 
provided the initial evidence of a slipped-cage nido-complex, with 6 peaks between 0.0 
and –20.0 ppm one high-field peak near –35 ppm (Figure 1.85).  The 1H NMR spectrum 
of 1.3 also indicated an η4-coordination, with CH shifts at 2.32 and 3.49 ppm.  These 
NMR patterns for an η4-6-C6H5-5,6,9-C3B7H9 coordinated cage were confirmed through 
the crystallographic analysis of other group 9 half-sandwich complexes, as will be 
discussed later.   
The stretching frequencies of 1.3 (2081 and 2028 cm–1) were higher than that of 
CpIr(CO)2 (2043 and 1976 cm
–1) and Cp*Ir(CO)2 (2020 and 1951 cm
–1).  Thus even 
when η4-coordinated, the cage is more electron with drawing than its Cp or Cp* analogs.  
 
Figure 1.84.  Synthesis of 1,1,1-(CO)3-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.3). 
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Figure 1.85. 11B{1H} NMR spectrum of 1,1,1-(CO)3-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 
(1.3). 
 
Like its CpM(CO)2 (M = Co, Rh, Ir) analogs, 1.1, 1.2, and 1.3 are light-, air-, 
moisture-, and temperature sensitive and could not be fully characterized.  As discussed 
in the following section, ligand substitution was employed to generate stable complexes, 
which could then be crystallographically characterized. 
 
1.7.2.1.1 Synthesis of dppe Complexes 
When 1.1 was reacted with the chelating diphenylphosphinoethane (dppe) ligand, 
both carbonyls were displaced to give 1,1-dppe-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.4) 
(Figure 1.86).  The 11B NMR spectra for 1.4 are similar to that of 1.1 and show 7 distinct 
peaks that are characteristic of an η6-6-C6H5-5,6,9-C3B7H9 ligand (Figure 1.87).  Its 1H 
NMR spectrum showed the expected multiplets near 7 ppm for the five phenyl protons, 
and another near 2 ppm for the ethylene group of dppe.  The shifts of the cage CHs (6.36 
(C3H) and 1.03 (C4H)) were similar to those reported for the same cage CHs resonances 
in complexes such as 1-Cp-2-CH3-closo-1,2,3,4-FeC3B7H9
148 and 1,1,1-(CO)3-2-(C6H5)-
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closo-1,2,3,4-MnC3B7H9.138  Additionally, the 31P{1H} NMR spectrum at room 
temperature exhibited 2 resonances (62.3 and 78.7 ppm) (Figure 1.88), indicating that the 
two dppe phosphorus have different environments.   
 
Figure 1.86. Synthesis of 1,1-dppe-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.4). 
 
 
Figure 1.87.  11B{1H} (top) and 11B (bottom) NMR spectra of 1,1-dppe-2-(C6H5)-closo-
1,2,3,4-CoC3B7H9 (1.4).  
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Figure 1.88.  31P{1H} NMR spectrum of 1,1-dppe-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 
(1.4).  
 
 
Similar reactivity was seen for 1.2 when reacted with dppe, with both carbonyls 
being displaced to give 1,1-dppe-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.5) (Figure 1.89).  
11B NMR spectra of 1.5, like 1.4, showed 7 distinct peaks (ranging from –10 to –25 ppm) 
characteristic of an η6-6-C6H5-5,6,9-C3B7H9 ligand (Figure 1.90).  The 1H{11B} NMR 
spectrum of 1.5, was similar to that of 1.4 with respect to the dppe resonances; however, 
the cage-CH resonances appeared much closer to each other (3.12 and 3.00 ppm).  This 
might result from the cage distortion seen for 1.5 (mentioned below in the discussion of 
structural determination), where the cage is skewed to a slightly more open configuration.  
The 31P{1H} NMR spectrum of 1.5 at room temperature gives 1 doublet (57.5 ppm, JRh-P 
= 165 Hz).  A variable temperature 31P{1H} NMR study (Figure 1.91) revealed that if 
cooled to –53 °C, two peaks emerge, each coupled to the rhodium, as expected for the 
crystallographically determined structure.  The 31P NMR spectrum doublet peak in both 
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CpRh(dppe)85 and (2-menthyl-4,7-dimethylindenyl)Rh(dppe)149 is down field (80.76 ppm 
(JPRh = 220.3 Hz) and 71 ppm, respectively) compared to 1.5. 
 
 
Figure 1.89. Synthesis of 1,1-dppe-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.5). 
 
 
Figure 1.90. 11B{1H} (top) and 11B (bottom) NMR spectra of 1,1-dppe-2-(C6H5)-closo-
1,2,3,4-RhC3B7H9 (1.5).  
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Figure 1.91. 31P{1H} NMR spectrum of 1,1-dppe-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 
(1.5) at 27 °C (top, JRh-P = 165 Hz), at –53 °C (bottom, JRh-P = ~160 Hz and JRh-P = ~174 
Hz). 
 
 
 
NMR and IR data collected during the synthesis of 1.5 suggested the formation of 
an intermediate, with the –34.7 ppm resonance observed in the 11B NMR spectra 
suggesting the formation of a slipped-cage complex (Figure 1.92).  The observation of a 
CO IR stretching frequency (2050 cm–1), suggests an associative mechanism of 
substitution (Figure 1.74), where the dppe becomes coordinated before the second CO is 
displaced (Figure 1.93).  Previous studies done by Butterick et al. (1.6.2.1.1.4 
Metallatricarbaboranes (Half-Sandwich Compound Analogs)).138 showed that the mono- 
and dicarbonyl substitution reactions of 1,1,1-(CO)3-2-Ph-closo-1,2,3,4-MC3B7H9 (M = 
Mn, Re) with L (L = CNtBu, PMe3, PPh3) occurred via a slipped cage intermediate (e.g. 
1,1,1-(CO)3-1-L-2-Ph-closo-1,2,3,4-MC3B7H9 ) to give the corresponding 1-(CO)-1,1-L2-
2-Ph-closo-1,2,3,4-MC3B7H9 and 1,1-(CO)2-1-L-2-Ph-closo-1,2,3,4-MC3B7H9 products.  
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The CO stretching frequency of the intermediate (2050 cm–1) observed in the reaction of 
1.2 is lower than that of 1.2 (2084 and 2011 cm–1) consistent with the extra electron 
density on the metal from the dppe ligand.  When attempting to isolate this intermediate, 
conversion to 1.5 occurred upon work-up.  However, further evidence in the support of 
the formation and structure of this intermediate will be presented below in the discussion 
of 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.6).   
 
Figure 1.92.  11B{1H} NMR spectrum of reaction mixure durring 1,1-dppe-2-(C6H5)-
closo-1,2,3,4-RhC3B7H9 (1.5) synthesis.  Starred peaks not present in isolated product 
11B{1H} NMR spectrum. 
 
 
Figure 1.93. Synthesis of 1.5 via nido-intermediate.  
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The structural determinations of 1.4 (Figure 1.94) and 1.5 (Figure 1.95) confirm 
the formation of 1,1-dppe-2-(C6H5)-closo-1,2,3,4-MC3B7H9 (M = Co, Rh).  Selected 
distances and angles are presented in Table 1.5-Table 1.10.  Consistent with a 24 skeletal 
electron count, 1.4 and 1.5 adopt a closo-structure with the metal sitting above the open 
six-coordinate puckered face. In the case of 1.5, the rhodium sits slightly skewed toward 
the B5/B6 side of the cage ((Co1–C2–C3)plane–(C4–B7–B6–B5)plane: 85.74(6)°, (Rh1–
C2–C3)plane–(C4–B7–B6–B5)plane: 72.52(7)°).  Comparing the structures of 1.4 and 1.5, 
some distortion is seen in the open face of 1.5 (1.4: C2–C4: 1.511(3) Å vs. 1.5: C2–C4: 
1.483(3) Å), but overall there is little difference in cage bond lengths and angles between 
the two compounds. 
 When the cage bonding of 1.4 is compared to the cobaltocene analog, commo-
Co-(1-Co-2-CH3-2,3,5-C3B7H9)2 (Figure 1.67),
129 small distance variations in cage 
bonding are seen, but no major cage distortions occur.  The Co–C2 (1.9773(18) Å) and 
Co–C3 (1.965(2) Å) distances of 1.4 are significantly shorter than those of commo-Co-(1-
Co-2-CH3-2,3,5-C3B7H9)2 (Co–C2: 2.068(2) Å, Co–C3: 1.990(3) Å; and Co–C2a: 
2.070(2) Å, Co–C3a: 1.981(2) Å), consistent with enhanced Co–C2 and Co–C3 bonding 
in 1.4 as a result of the electron donating dppe group. 
The Co–P1 (2.1812(5) Å) and Co–P2 (2.1580(6) Å) bond lengths of 1.4 (Table 
1.5) are significantly longer than the Co–P1 (2.109(7) Å) and Co–P2 (2.108(7) Å) bond 
lengths of Cp*Co(dppe),150 consistent with the more electron withdrawing nature of the 
cage, which results in less back-bonding to the dppe ligand in 1.4.  The cage centroid 
(C4–B7–B6–C5) of 1.5 is closer (1.5899(2) Å) than the Cp* (1.705 Å) to the cobalt.  The 
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distance of cobalt to an individual carbon in the Cp* (2.092(3) Å) is longer than the Co1–
C2 distance (1.9973(18) Å), but shorter than the Co1–C4 bond distance (2.254(2) Å). 
The Rh–P1 (2.2322(5) Å) and Rh–P2 (2.2851(5) Å) bond lengths of 1.5 are 
longer than the Rh–P1 (2.2036(12) Å) and Rh–P2 (2.2063(13) Å) of the analogous 
complex, (2-menthyl-4,7-dimethylindenyl)Rh(dppe).149  The rhodium is closer to the 
cage centroid (C4–B7–B6–C5) (1.8992(1) Å) than to the substituted indenyl ring 
(1.9782(19) Å).  The distance of rhodium to an individual carbon in the indenyl ring 
(2.2036(12) Å) is longer than the Rh1–C2 (2.107(2) Å) and Rh1–C3 (2.135(2) Å) 
distances, but shorter than the Rh1–C4 bond distance (2.7722(3) Å). 
 
Figure 1.94. Structure of 1,1-dppe-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.4). 
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Table 1.5.  Selected distances (Å) for 1,1-dppe-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.4). 
Co1–C3 1.965(2)  C2–C4 1.511(3) 
Co1–C2 1.9773(18)  C2–B5 1.587(3) 
Co1–P2 2.1580(6)  B5–B6 1.865(3) 
Co1–P1 2.1812(5)  C3–B6 1.567(3) 
Co1–B5 2.197(2)  C3–B7 1.589(3) 
Co1–B6 2.227(2)  C4–B7 1.774(3) 
Co1–B7 2.246(2)  Co1–C4 2.254(2) 
  
Table 1.6. Selected angles (deg) for 1,1-dppe-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.4). 
C3–Co1–C2  113.93(8)   P1–Co1–B7  92.73(6) 
 C3–Co1–P2  123.83(6)   B5–Co1–B7  89.88(9) 
 C2–Co1–P2  106.33(6)   B6–Co1–B7  71.34(9) 
 C3–Co1–P1  104.27(6)   C3–Co1–C4  85.38(8) 
 C2–Co1–P1  120.17(6)   C2–Co1–C4  41.20(7) 
 P2–Co1–P1  86.35(2)   P2–Co1–C4  146.52(5) 
 C3–Co1–B5  88.46(9)   P2–Co1–B7  166.72(6) 
 C2–Co1–B5  44.31(8)   B6–Co1–C4  88.11(8) 
 P2–Co1–B5  94.65(6)   B7–Co1–C4  46.43(8) 
 P1–Co1–B5  164.00(7)   B8–B5–Co1 102.62(13) 
 C3–Co1–B6  43.32(9)   B11–B5–Co1 105.89(13) 
 C2–Co1–B6  89.85(8)   C3–B6–Co1  59.41(10) 
 P2–Co1–B6  102.26(7)   B11–B6–Co1 104.28(13) 
 P1–Co1–B6  145.39(7)   C20–P1–Co1  113.47(6) 
 B5–Co1–B6  49.86(9)   C26–P1–Co1  120.05(7) 
 C3–Co1–B7  43.70(8)   C18–P1–Co1  109.72(6) 
 C2–Co1–B7  85.59(8)   C38–P2–Co1  120.47(6) 
 B5–Co1–C4  67.78(8)   C19–P2–Co1  109.16(7) 
 P1–Co1–C4  103.10(5)   C32–P2–Co1  116.40(7) 
 B9–B6–Co1  98.59(13)   B6–C3–Co1  77.27(12) 
 B5–B6–Co1  64.23(10)   B7–C3–Co1  77.59(12) 
 C3–B7–Co1  58.72(10)   B9–C3–Co1 116.49(14) 
 C4–B7–Co1  67.02(10)   C2–C4–Co1  59.54(10) 
 B9–B7–Co1  98.09(13)   B10–C4–Co1 107.98(13) 
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 B10–B7–Co1 104.90(13)   B8–C4–Co1 101.19(12) 
 C12–C2–Co1 128.99(13)   B7–C4–Co1  66.55(10) 
 C4–C2–Co1 79.26(11)   C2–B5–Co1  60.48(10) 
 B5–C2–Co1  75.21(11)   B6–B5–Co1  65.90(10) 
 B8–C2–Co1 115.81(13)    
 
Table 1.7.  Selected dihedral angles and distances (deg and Å) for 1,1-dppe-2-(C6H5)-
closo-1,2,3,4-CoC3B7H9 (1.4). 
(Co1–P1–P2)plane–(C4–
B7–B6–B5)plane 89.01(5) 
 (Co1–B10–B11)plane–
(Co1–P1–P2)plane 14.9(2) 
 (Co1–C2–C3)plane–
(Co1–B10–B11)plane 88.54(6) 
 (Co1–B10–B11)plane–
(C4–B7–B6–B5)plane 88.74(7) 
(Co1–C2–C3)plane–
(Co1–P1–P2)plane 76.66(3) 
  Co1–(C4–B5–B6–
B7)centroid 1.5899(2) 
(Co1–C2–C3)plane–
(C4–B7–B6–B5)plane 85.74(6) 
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Figure 1.95.  Structure of 1,1-dppe-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.5). 
 
Table 1.8. Selected distances (Å) for 1,1-dppe-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.5). 
Rh1–C2 2.107(2)  C2–C4 1.483(3) 
Rh1–C3 2.135(2)  C2–B5 1.606(4) 
Rh1–P1 2.2322(5)  C4–B7 1.751(5) 
Rh1–B5 2.261(2)  C3–B7 1.562(5) 
Rh1–P2 2.2851(5)  C3–B6 1.536(4) 
Rh1–B6 2.343(3)  B5–B6 1.883(4) 
Rh1–B7 2.608(4)  Rh1–C4 2.722(3) 
 
Table 1.9. Selected angles (deg) for 1,1-dppe-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.5). 
C2–Rh1–C3  96.17(10)   B7–Rh1–B6  62.77(10) 
 C2–Rh1–P1  101.60(6)   C2–Rh1–C4  32.73(9) 
 C3–Rh1–P1 149.57(10)   C3–Rh1–C4 70.68(11) 
 C2–Rh1–B5  42.96(11)   P1–Rh1–C4  133.15(6) 
 C3–Rh1–B5  81.11(10)   B5–Rh1–C4  60.00(11) 
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 P1–Rh1–B5  95.29(7)   P2–Rh1–C4  123.83(8) 
 C2–Rh1–P2  141.04(8)   B6–Rh1–C4  76.07(10) 
 C3–Rh1–P2  98.53(7)   B7–Rh1–C4  38.28(11) 
 P1–Rh1–P2  82.92(2)   P2–Rh1–B7  102.75(8) 
 B5–Rh1–P2  175.86(8)   C38–P2–Rh1  113.14(7) 
 C2–Rh1–B6  82.49(11)   C19–P2–Rh1  109.62(7) 
 C3–Rh1–B6  39.79(11)   B5–C2–Rh1  73.66(13) 
 P1–Rh1–B6  118.54(8)   B8–C2–Rh1 124.04(18) 
 B5–Rh1–B6  48.24(11)   B6–C3–Rh1  77.42(14) 
 P2–Rh1–B6  129.58(8)   B7–C3–Rh1  88.30(17) 
 C2–Rh1–B7  69.94(11)   B9–C3–Rh1 125.04(18) 
 C3–Rh1–B7  36.79(12)   C2–C4–Rh1  50.19(13) 
 P1–Rh1–B7 171.43(10)   B11–C4–Rh1 108.59(17) 
 B5–Rh1–B7  79.46(10)   B6–B5–Rh1  68.16(12) 
 B8–C4–Rh1  96.15(16)   B10–B6–Rh1  110.71(18) 
 B7–C4–Rh1  67.34(17)   B9–B6–Rh1  107.40(17) 
 C2–B5–Rh1  63.39(12)   B5–B6–Rh1  63.60(11) 
 C4–C2–Rh1  97.08(19)   C20–P1–Rh1  124.79(7) 
 C12–C2–Rh1 114.59(17)   C26–P1–Rh1  111.32(7) 
 C3–B7–Rh1  54.91(14)   C18–P1–Rh1  110.26(7) 
 C4–B7–Rh1  74.38(14)   C32–P2–Rh1  118.19(7) 
 B9–B7–Rh1  97.85(18)   B8–B5–Rh1 111.6(2) 
 B11–B7–Rh1 108.29(16)   B10–B5–Rh1  112.58(16) 
 C3–B6–Rh1  62.79(13)    
 
Table 1.10. Selected dihedral angles and distances (deg and Å) for 1,1-dppe-2-(C6H5)-
closo-1,2,3,4-RhC3B7H9 (1.5). 
 
(Rh1–P1–P2)plane–
(C4–B7–B6–B5)plane 81.99(5) 
 (Rh1–B10–B11)plane–
(Rh1–P1–P2)plane 43.18(5) 
 (Rh1–C2–C3)plane–
(Rh1–B10–B11)plane 87.76(5) 
 (Rh1–B10–B11)plane–
(C4–B7–B6–B5)plane 88.44(6) 
(Rh1–C2–C3)plane–
(C4–B7–B6–B5)plane 72.52(7) 
  Rh1–(C4–B7–B6–
C5)centroid 1.8992(1) 
(Rh1–C2–C3)plane–
(Rh1–P1–P2)plane 49.51(5) 
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 When 1.3 was reacted with dppe, two carbonyls were displaced to give 1-CO-1,1-
dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.6) (Figure 1.96).  The structure of 1.6 was 
crystallographically confirmed (Figure 1.99), and showed the retention of one CO, as 
well as an η4-cage confirmation.  Selected distances and angles are presented in Table 
1.11-Table 1.13.  The isolated product of this reaction has the same structure as the 
proposed intermediate, 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-RhC3B7H9, in the syntheis 
of 5 (Figure 1.93).  Consistent with its 26 skeletal electron count, 1.6 adopts a nido-
structure with the iridium bonding to four atoms on the cage (C2, B5, B6, and C3).  
When compared to 1.5, the iridium sits significantly skewed toward the B5/B6 side of the 
cage ((Rh1–C2–C3)plane–(C4–B7–B6–B5)plane: 72.52(7)°,  (Ir1–C2–C3)plane–(C4–B7–B6–
B5)plane: 50.60°).   
 The crystallographic determination of 1.6, thus confirmed that the 11B NMR 
pattern of 6 peaks in the range of 0 to –20 ppm and a seventh peak appearing up-field of 
–35 ppm, was characteristic of an η4-6-C6H5-5,6,9-C3B7H9 (Figure 1.97).  The 1H{11B} 
NMR spectrum of 1.6 showed the expected dppe peaks, with the cage CH resonances 
appearing at 3.49 and 2.32 ppm again consistent with the η4-coordination as discussed 
above.  The 31P{1H} NMR spectrum of 1.6 showed one peak (17.4 ppm) at room 
temperature (Figure 1.98).  The resonance was up-field compared to the 31P NMR shrift 
of Cp*Ir(dppe)(CH3) (23.6 ppm).
151 Additionally, the IR spectrum had a CO stretching 
frequency at 2013 cm–1, which is lower than that of 1.3 (2081 and 2028 cm–1) consistent 
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with the extra electron density on the iridium that results from dppe being a strong σ 
donor, which then increases the backbonding of the iridium to the π* orbital of CO. 
  
 
Figure 1.96.  Synthesis of 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.6). 
 
Figure 1.97.  11B{1H} NMR spectrum of 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 
(1.6). 
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Figure 1.98.  31P{1H} NMR spectrum of 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 
(1.6). 
 
When the slipped cage structure of 1.6 is compared to other previously reported 
slipped half-sandwich structures138 such as 1-(CNtBu)-1,1,1-(CO)3-2-(C6H5)-nido-
1,2,3,4-MC3B7H9 (M = Mn, Re), there is only slight variations in the cage distances.  
The Ir–P1 (2.3689(18) Å) and Ir–P2 (2.3479(18) Å) bond lengths are longer than 
that of Cp*Ir(CH3)(dppe) (Ir–P1: 2.278(12) Å and Ir–P2: 2.265(2) Å), again consistent 
with the trend noted above for cobalt and rhodium analogous complexes.151   
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Figure 1.99.  Structure of 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.6). 
 
Table 1.11.  Selected distances (Å) for 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 
(1.6). 
Ir1–C44  1.891(7)   O1–C44  1.136(9) 
 Ir1–C3  2.177(7)   C2–C4  1.553(9) 
 Ir1–C2  2.196(7)   B7–C4  1.626(11) 
 Ir1–B6   2.237(8)   C3–B7  1.603(11) 
 Ir1–B5  2.238(8)   Ir1–P1 2.3689(18) 
 Ir1–P2  2.3479(18)   Ir1–C4 3.145(7) 
 Ir1–B7 3.178(7)    
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Table 1.12.  Selected angles (deg) for 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 
(1.6).  
C44–Ir1–C3  164.5(3)   C44–Ir1–P1  94.7(2) 
C44–Ir1–C2  95.0(3)   C3–Ir1–B5  80.8(3) 
 C3–Ir1–C2  81.7(3)   C2–Ir1–B5  46.0(3) 
 C44–Ir1–B6  119.4(3)   B6–Ir1–B5  49.6(3) 
 C3–Ir1–B6  45.2(3)   C44–Ir1–P2  89.4(2) 
 C2–Ir1–B6  81.8(3)   C3–Ir1–P2  92.5(2) 
 C3–Ir1–P1  100.8(2)   C32–P2–Ir1  118.3(2) 
 C2–Ir1–P1 101.13(18)   B9–B6–Ir1  116.6(5) 
 B6–Ir1–P1  145.6(2)   B11–B6–Ir1  116.4(5) 
 B5–Ir1–P1  146.9(2)   C19–P2–Ir1  108.3(3) 
 P2–Ir1–P1  84.25(6)   B5–B6–Ir1  65.3(3) 
 C44–Ir1–B5  86.1(3)   C26–P1–Ir1  120.6(2) 
 C2–Ir1–P2 172.73(19)   C20–P1–Ir1  115.0(2) 
 B6–Ir1–P2  90.9(2)   C18–P1–Ir1  105.9(2) 
 B5–Ir1–P2  128.8(2)   C38–P2–Ir1  115.6(3) 
 O1–C44–Ir1 176.6(7)   B6–C3–Ir1  69.2(4) 
 C12–C2–Ir1  116.8(5)   C2–B5–Ir1  65.7(3) 
 C4–C2–Ir1  112.9(5)   B11–B5–Ir1  117.6(5) 
 B8–C2–Ir1  123.2(5)   B8–B5–Ir1  117.6(5) 
 B5–C2–Ir1  68.3(4)   B6–B5–Ir1  65.2(3) 
 B7–C3–Ir1  113.6(5)   C3–B6–Ir1  65.5(4) 
 B9–C3–Ir1  125.1(5)    
 
Table 1.13.  Selected dihedral angles and distances (deg and Å) for 1-CO-1,1-dppe-2-
(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.6).  
 
(Ir1–P1–P2)plane–
(C2–B5–B6–C3)plane 49.8(2)  
(Ir1–C2–C3)plane–
(C2–B5–B6–C3)plane 76.0(2) 
(Ir1–P1–P2)plane–
(Ir1–C2–C3)plane 79.6(1)  
(Ir1–B10–B11)plane–
(C2–C3–B7–C4)plane 88.6(2) 
(Ir1–P1–P2)plane–
(C2–C3–B7–C4)plane 84.9(1)  
(Ir1–B10–B11)plane–
(C2–B5–B6–C3)plane 89.9(2) 
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(Ir1–P1–P2)plane–
(Ir1–B10–B11)plane 47.4(2)  
(C2–C3–B7–C4)plane–
(C2–B5–B6–C3)plane 55.8(3) 
(Ir1–C2–C3)plane–
(Ir1–B10–B11)plane 89.6(2)  
Ir1–(C2–B5–B6–
C3)centroid 1.6053(2) 
(Ir1–C2–C3)plane–
(C2–C3–B7–C4)plane 20.3(5)  
Ir1–(C2–C3–B7–
C4)centroid 2.5727(2) 
 
 
1.7.2.2 Syntheses of COD Compounds 
 As with the synthesis of CpRh(COD),80 when [Rh(COD)Cl]2 was reacted with 
Li+(6-C6H5-5,6,9-C3B7H9
–), 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.7) was 
produced.  The 11B NMR spectra of 1.7 showed 7 distinct peaks that are characteristic of 
an η6-6-C6H5-5,6,9-C3B7H9 ligand (Figure 1.101), ranging from 10 to –25 ppm.  
Surprisingly, the 1H{11B} NMR spectrum showed the cage CH resonances at 3.52 and 
3.42 ppm, since this was different than the expected upfield (~2 ppm)/downfield (~6 
ppm) pattern normally expected for closo-compounds.  Nevertheless, the 
crystallographically determined structure of 1.7 (Figure 1.102) confimed a closo-complex 
(24 skeletal electrons) with an η6-coordinated cage.  Selected distances and angles are 
presented in Table 1.14-Table 1.16. 
 The rhodium to cage centroid distance (C4–B5–B6–B7) (1.9598(2) Å) in 1.7 is 
significantly longer than that observed for the dppe complex, 1,1-dppe-2-(C6H5)-closo-
1,2,3,4-RhC3B7H9 (1.5) (1.8992(1) Å), reflecting the poorer electron donating ability of 
the COD versus the dppe.  Likewise the Rh–C2 (2.166(2) Å) and Rh–C3 (2.047(2) Å) 
distances in 1.7 are longer that in 1.5, Rh–C2 (2.107(2) Å) and Rh–C3 (2.135(2) Å). 
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 The Rh–η4-COD carbons average distance (2.18375 Å) of 1.7 is longer than the 
average Rh–η4-COD carbons distance (2.11475 Å) of CpRh(COD).152  The rhodium to 
the cage centroid (C4–B5–B6–B7) (1.9598(2) Å) distance is longer than that of the Cp 
ring-rhodium (1.906 Å) distance. The Rh–C2 (2.166(2) Å) and Rh–C3 (2.097(2) Å) 
distances are closer than the average Rh-C(Cp) distance (2.2544 Å).  The C=C bonds of 
COD for 1.7 (1.382(4) and 1.387(4) Å) are shorter than that of CpRh(COD) (1.420(10) 
and 1.409(11) Å) again consistent with less backbonding to the π* olefin double bond. 
 
Figure 1.100. Synthesis of 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.7). 
 
Figure 1.101.  11B{1H} (top) and 11B (bottom) NMR spectra of 1,1-(η4-COD)-2-(C6H5)-
closo-1,2,3,4-RhC3B7H9 (1.7). 
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Figure 1.102.  Structure of 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 (1.7). 
Table 1.14.  Selected distances (Å) for 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 
(1.7). 
Rh1–C3 2.097(2)   C2–C4 1.498(3) 
 Rh1–C19 2.152(2)   C2–B5 1.611(3) 
 Rh1–C2 2.166(2)   B5–B6 1.892(4) 
 Rh1–C18 2.179(2)   C3–B6 1.585(4) 
 Rh1–C23 2.195(2)   C3–B7 1.571(4) 
Rh1–C22 2.209(2)   C4–B7 1.721(4) 
 Rh1–B5 2.314(3)  C18–C25  1.525(3) 
 Rh1–B6 2.363(3)  C21–C22  1.514(4) 
C18–C19  1.387(4)  C22–C23  1.382(4) 
C19–C20  1.509(4)  C23–C24  1.509(4) 
C20–C21  1.528(4)  C24–C25  1.527(4) 
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Table 1.15.  Selected angles (deg) for 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-RhC3B7H9 
(1.7). 
C3–Rh1–C19 156.25(11)   C3–Rh1–B5  80.24(9) 
 C3–Rh1–C2  92.45(9)   C19–Rh1–B5  88.65(9) 
 C19–Rh1–C2  93.17(9)   C2–Rh1–B5  41.98(9) 
 C3–Rh1–C18 163.86(10)   C18–Rh1–B5  114.63(9) 
 C19–Rh1–C18  37.34(9)   C23–Rh1–B5  158.56(9) 
 C2–Rh1–C18  95.04(9)   C22–Rh1–B5  124.74(9) 
 C3–Rh1–C23  87.85(10)   C3–Rh1–B6  41.10(10) 
C19–Rh1–C23 95.54(9)  C19–Rh1–B6 117.50(10) 
 C2–Rh1–C23  157.58(9)   C2–Rh1–B6  80.81(9) 
 C18–Rh1–C23  79.81(9)   C18–Rh1–B6  154.61(9) 
 C3–Rh1–C22  89.03(10)   C23–Rh1–B6  112.88(9) 
 C19–Rh1–C22  80.13(9)   C20–C19–Rh1 110.00(17) 
 C2–Rh1–C22  165.80(9)   C23–C22–Rh1 71.16(14) 
 C18–Rh1–C22  87.22(9)  C21–C22–Rh1 112.48(16) 
 C22–Rh1–B6  91.14(9)   C19–C18–Rh1 70.26(13) 
 B5–Rh1–B6  47.70(9)   C25–C18–Rh1 113.97(16) 
 C23–Rh1–C22  36.57(9)   C18–C19–Rh1  72.40(13) 
 B5–B6–Rh1  64.79(11)   B9–C3–Rh1  128.34(16) 
 C22–C23–Rh1  72.27(14)   C2–B5–Rh1  64.09(11) 
 C24–C23–Rh1 110.89(16)   B8–B5–Rh1  112.49(15) 
 C12–C2–Rh1 117.95(15)   B11–B5–Rh1  113.29(14) 
 C4–C2–Rh1  98.27(14)   B6–B5–Rh1  67.52(11) 
 B5–C2–Rh1  73.92(12)   C3–B6–Rh1  60.39(12) 
 B8–C2–Rh1 125.52(15)   B11–B6–Rh1  112.35(15) 
 B7–C3–Rh1  95.18(15)   B9–B6–Rh1  108.42(16) 
 B6–C3–Rh1  78.51(13)    
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Table 1.16.  Selected angles and distances (deg and Å) for 1,1-(η4-COD)-2-(C6H5)-closo-
1,2,3,4-RhC3B7H9 (1.7). 
 
(C4–B7–B6–B5)plane–(C18–C19–C22–C23)plane 11.2 
 (Rh1–C2–C3)plane–(Rh1–B10–B11)plane 88.88(4) 
(Rh1–C2–C3)plane–(C4–B7–B6–B5)plane 69.87(6) 
(Rh1–C2–C3)plane–(C18–C19–C22–C23)plane 89.45(5) 
(Rh1–C2–C3)plane–(C20–C21–C24–C25)plane 88.88(7) 
(Rh1–B10–B11)plane–(C20–C21–C24–C25)plane 88.35(7) 
(Rh1–B10–B11)plane–(C4–B7–B6–B5)plane 88.52(6) 
(Rh1–B10–B11)plane–(C18–C19–C22–C23)plane 87.61(5) 
(C4–B7–B6–B5)plane–(C18–C19–C22–C23)plane 21.1(2) 
(C4–B7–B6–B5)plane–(C20–C21–C24–C25)plane 21.5(2) 
(C18–C19–C22–C23)plane–(C20–C21–C24–C25)plane 1(7) 
  Rh1–(C18–C19–C22–C23)centroid 1.5245(1) 
 Rh1–(C4–B5–B6–B7)centroid 1.9598(2) 
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 The same reactivity was seen when Ir(COD)Cl was reacted with Li+(6-C6H5-
5,6,9-C3B7H9
–) with 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 (1.8) being produced 
as a red/orange solid (Figure 1.103).  The 11B NMR spectra of 1.8 showed 7 peaks, 
characteristic of an η6-6-C6H5-5,6,9-C3B7H9– ligand (Figure 1.104), with peaks ranging 
from 5 to –30 ppm.  Consistent with the 1H{11B} NMR spectrum of 1.7, the 1H{11B} 
NMR spectrum of 1.8 showed two high-field cage CH resonances (2.95 and 1.31 ppm), 
instead of the downfield/upfield pattern normally expected for closo-compounds.  The 
crystallographically determined structure of 1.8 confirmed the η6-cage coordination for 
this closo-complex (Figure 1.105).  Selected distances and angles are presented in Table 
1.17-Table 1.19. 
 
Figure 1.103.  Synthesis of 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 (1.8). 
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Figure 1.104. 11B{1H} (top) and 11B (bottom) NMR spectra of 1,1-(η4-COD)-2-(C6H5)-
closo-1,2,3,4-IrC3B7H9 (1.8). 
 
The Ir–η4-COD carbons average distance (2.14725 Å) of 1.8 is longer than the Ir–
η4-COD carbons average distance (2.114 Å) of Cp’Ir(COD) (Cp’ = MeC5H4).153  
Additionally, the Ir–CODcentroid (C18–C19–C20–C21) distance of 1.8 is longer than the 
corresponding Ir–CODcentroid of Cp’Ir(COD) (1.444 Å).  Comparing the cage/Cp’ 
distances, iridium is closer to the cage centroid (C4–B5–B6–B7) (1.89331(6) Å) than the 
Cp ring (1.902 Å).  The Ir–C2 (2.144(3) Å) and Ir–C3 (2.076(3)) distances are shorter 
that the average Ir–C(Cp) distance (2.253 Å).   The C=C bonds of COD for 1.8 (1.415(4) 
and 1.413(4) Å) are shorter than that of Cp’Ir(COD) (1.430(8) and 1.435(8) Å), again 
indicative of less backbonding to the COD ligand in the cage complex. 
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Figure 1.105. Structure of 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 (1.8). 
 
Table 1.17. Selected distances (Å) for 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 
(1.8). 
Ir1–C3  2.076(3)  C18–C19  1.415(4) 
 Ir1–C18  2.144(3)  C19–C20  1.516(4) 
 Ir1–C2  2.144(3)  C20–C21  1.461(5) 
 Ir1–C19  2.145(3)  C21–C22  1.518(5) 
 Ir1–C22  2.149(3)  C22–C23  1.413(4) 
 Ir1–C23  2.151(3)  C23–C24  1.515(4) 
 Ir1–B5  2.351(3)  C24–C25  1.489(4) 
 Ir1–B6  2.405(3)  C18–C25  1.513(4) 
 Ir1–B7  2.541(3)   Ir1–C4  2.624(3) 
 C3–B7  1.595(4)   C2–C4  1.510(4) 
 C4–B7  1.746(4)   C2–B5  1.619(4) 
 B5–B6  1.885(5)   C3–B6  1.593(5) 
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Table 1.18. Selected angles (deg) for 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 
(1.8).  
C3–Ir1–C18 157.61(12)   C19–Ir1–C22  79.24(12) 
 C3–Ir1–C2 98.72(10)   C3–Ir1–C23 85.70(11) 
 C18–Ir1–C2  89.29(10)   C18–Ir1–C23  79.75(10) 
 C3–Ir1–C19 160.04(12)   C2–Ir1–C23 158.91(10) 
 C18–Ir1–C19  38.53(11)   C19–Ir1–C23  91.50(11) 
 C2–Ir1–C19  90.98(11)   C22–Ir1–C23  38.35(11) 
 C3–Ir1–C22  86.47(11)   C3–Ir1–B5  81.08(12) 
 C18–Ir1–C22 92.43(11)   C18–Ir1–B5 117.55(11) 
 C2–Ir1–C22 161.69(11)   C2–Ir1–B5 41.90(10) 
 C18–Ir1–C4 103.58(10)   C19–Ir1–B5 95.04(12) 
 C2–Ir1–C4 35.12(9)   C22–Ir1–B5 122.98(11) 
 C19–Ir1–C4 121.98(10)   C23–Ir1–B5 158.20(11) 
 C22–Ir1–C4 158.71(10)   C3–Ir1–B6 40.81(12) 
 C23–Ir1–C4 130.56(10)   C18–Ir1–B6 161.48(12) 
 B5–Ir1–C4 61.42(9)   C2–Ir1–B6 81.77(10) 
 B6–Ir1–C4  78.14(10)   C19–Ir1–B6 124.99(12) 
 B7–Ir1–C4  39.46(9)   C22–Ir1–B6  91.14(11) 
 C2–Ir1–B7 72.99(10)   C23–Ir1–B6 113.48(11) 
C19–Ir1–B7 160.17(11)  C3–Ir1–C4  73.36(10) 
 C22–Ir1–B7 119.29(11)   B6–Ir1–B7  65.32(11) 
 C23–Ir1–B7  99.40(10)   B5–Ir1–B6  46.70(12) 
 C3–Ir1–B7  38.79(11)   B5–Ir1–B7  80.93(11) 
 C22–Ir1–C23  38.35(11)   B5–B6–Ir1  65.14(13) 
 C3–Ir1–B5  81.08(12)   C3–B7–Ir1  54.65(14) 
 C18–Ir1–B5 117.55(11)   C4–B7–Ir1  72.82(14) 
 C18–Ir1–B7 127.34(11)   C18–C19–Ir1 70.67(15) 
 C19–Ir1–C22  79.24(12)   C20–C19–Ir1  114.9(2) 
 C3–Ir1–C23 85.70(11)   C24–C23–Ir1 114.86(18) 
 C18–Ir1–C23  79.75(10)   C23–C22–Ir1  70.90(16) 
 C2–Ir1–C23 158.91(10)   C21–C22–Ir1  114.4(2) 
 C19–Ir1–C23  91.50(11)   C22–C23–Ir1  70.75(15) 
 B10–C4–Ir1 109.46(16)   B10–B7–Ir1 108.58(18) 
 B8–C4–Ir1 99.35(15)   B9–B7–Ir1  97.10(18) 
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 C12–C2–Ir1 124.07(18)   B9–B6–Ir1 103.24(18) 
 B7–C4–Ir1 67.71(14)   C4–C2–Ir1 90.08(15) 
 C2–B5–Ir1  62.20(13)   B5–C2–Ir1  75.90(15) 
 B11–B5–Ir1 110.45(19)   B8–C2–Ir1 123.05(17) 
 B8–B5–Ir1 107.55(17)   B6–C3–Ir1  80.74(17) 
 B6–B5–Ir1  68.16(14)   B7–C3–Ir1 86.57(16) 
 C3–B6–Ir1  58.45(14)  B9–C3–Ir1 125.12(19) 
B11–B6–Ir1 109.26(17)   C2–C4–Ir1 54.79(13) 
 C19–C18–Ir1  70.80(15)   C25–C18–Ir1 113.98(19) 
 
 
Table 1.19. Selected dihedral angles and distances (deg and Å) for 1,1-(η4-COD)-2-
(C6H5)-closo-1,2,3,4-IrC3B7H9 (1.8).  
(Ir1–B10–B11)plane–(C2–Ir1–C3)plane 88.56(5) 
 (C2–Ir1–C3)plane–(C4–B7–B6–B5)plane 78.72(5) 
(C2–Ir1–C3)plane–(C18–C19–C22–C23)plane 87.51(6) 
(C2–Ir1–C3)plane–(C20–C21–C24–C25)plane 87.33(5) 
(Ir1–B10–B11)plane–(C4–B7–B6–B5)plane 88.40(5) 
(Ir1–B10–B11)plane–(C18–C19–C22–C23)plane 87.98(5) 
(Ir1–B10–B11)plane–(C20–C21–C24–C25)plane 88.59(5) 
(C4–B7–B6–B5)plane–(C18–C19–C22–C23)plane 9.6(3) 
(C4–B7–B6–B5)plane–(C20–C21–C24–C25)plane 9.2(3) 
(C18–C19–C22–C23)plane–(C20–C21–C24–C25)plane 1(6) 
 Ir1–(C4–B7–B6–B5)centroid 1.89331(6) 
 Ir1–(C18–C19–C22–C23)centroid 1.49196(6) 
Ir1–(C20–C21–C24–C25)centroid 2.59781(6) 
 
 
1.7.2.3 Reactions with Isocyanide 
When 1 was reacted with excess tert-butyl-isocyanide, 1,1,1-((CNC(CH3)3)3-2-
(C6H5)-nido-1,2,3,4-CoC3B7H9 (1.9) was formed as a purple oil in 62% yield (Figure 
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1.106).  The 11B NMR spectra of 1.9 were characteristic of an η4-6-C6H5-5,6,9-C3B7H9 
(Figure 1.107), with 6 peaks between 0 and –20 ppm, and one up-field of –32 ppm.  The 
1H NMR spectrum showed the cage CH resonances at 4.38 and 2.97 ppm, also consistent 
with nido-complex, as well as 3 resonances for the tBu peaks (1.37, 0.93 and 0.80 ppm).  
The crystal structure of 1.9 confirmed η4-coordination of the cage and the nido-structure 
(26 skeletal electrons) (Figure 1.108). Selected distances and angles are presented in 
Table 1.20-Table 1.22. 
A comparison of the CN stretching frequencies for CpCo(CNR)x and 1.9 are 
listed in Table 1.23.  As with the trend seen for the carbonyl complexes, the CN 
stretching frequencies of 1.9 are higher than similar CpCo compounds shown in Table 
1.23, indicating less back-bonding into the π* of isocyanide.   
The bond lengths of the three cobalt-isocyanide carbon bonds: Co–C18 
(1.8615(15) Å), Co–C24 (1.8910(15) Å), and Co–C30 (1.8671(16) Å) are all 
substantially longer than the Co–C (C of CNtBu) distance (1.827(8) Å) of an analogous 
CpCo(CNtBu)(CS3)
154 compound.  Likewise, the carbon-nitrogen isocyanide bond 
lengths are shorter in 1.9 compared to CpCo(CNtBu)(CS3) indicating more triple bond 
character in 1.9.  As discussed earlier (1.7.2.1 Synthesis of Dicarbonyl Complexes) this is 
consistent with the cage being more electron withdrawing compared to the Cp ligand.  
Additionally, as seen with the other compounds, the cage centroid is closer to the metal 
(1.4454(2) Å) than the Cp ring centroid (1.690 Å) of CpCo(CNtBu)(CS3). 
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Figure 1.106. Synthesis of 1,1,1-((CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-CoC3B7H9 (1.9). 
 
 
 
Figure 1.107. 11B{1H} (top) and 11B (bottom) NMR spectra of 1,1,1-(CNC(CH3)3)3-2-
(C6H5)-nido-1,2,3,4-CoC3B7H9 (1.9). 
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Figure 1.108.  Structure of 1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-CoC3B7H9 (1.9). 
 
Table 1.20.  Selected distances (Å) for 1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-
CoC3B7H9 (1.9). 
Co1–C18  1.8615(15)   C18–N19  1.152(2) 
 Co1–C30  1.8671(16)   N19–C20  1.4555(19) 
 Co1–C24  1.8910(15)   C24–N25  1.153(2) 
 Co1–C3  2.0453(15)   N25–C26  1.461(2) 
 Co1–C2  2.0485(14)   C30–N31  1.148(2) 
 Co1–B5  2.1053(18)   N31–C32  1.4614(19) 
 Co1–B6  2.1224(17)   Co1–C4 2.966(2) 
 C2–C4  1.530(2)  C2–B5  1.658(2) 
 C3–B7  1.591(2)  B5–B6  1.827(2) 
 C4–B7  1.634(2)   Co1–B7 2.992(2) 
C3–B6  1.642(2)    
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Table 1.21.  Selected angles (deg) for 1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-
CoC3B7H9 (1.9).  
C18–Co1–C30  87.72(7)   C24–Co1–B6  134.50(6) 
 C18–Co1–C24  100.27(6)   C3–Co1–B6  46.36(6) 
 C30–Co1–C24  100.12(6)   C2–Co1–B6  84.84(6) 
 C18–Co1–C3  171.44(7)   B5–Co1–B6  51.20(7) 
 C30–Co1–C3  89.56(7)   C18–Co1–B6  125.21(7) 
 C24–Co1–C3  88.19(6)   C30–Co1–B6  84.20(7) 
 C18–Co1–C2  93.76(6)   C2–Co1–B5  47.03(6) 
 C30–Co1–C2  167.52(6)   C2–B5–Co1  64.68(8) 
 C24–Co1–C2  91.81(6)   B11–B5–Co1 116.34(11) 
 C3–Co1–C2  87.17(6)   B8–B5–Co1 116.55(10) 
 C18–Co1–B5  89.58(7)   B6–B5–Co1  64.88(8) 
 C30–Co1–B5  120.67(7)   C3–B6–Co1  64.35(8) 
 C24–Co1–B5  138.46(7)   B11–B6–Co1 115.60(10) 
 C3–Co1–B5  84.83(7)   B9–B6–Co1 115.71(10) 
 N19–C18–Co1 178.58(14)   B5–B6–Co1 63.92(7) 
 C18–N19–C20 176.26(16)   C12–C2–Co1 115.80(10) 
 N25–C24–Co1 172.46(13)   C4–C2–Co1 111.10(10) 
 C24–N25–C26 171.19(15)   B5–C2–Co1  68.28(8) 
 N31–C30–Co1 175.01(14)   B8–C2–Co1 124.41(10) 
 C30–N31–C32 170.70(16)   B7–C3–Co1 110.11(11) 
 B9–C3–Co1 124.42(11)   B6–C3–Co1  69.29(8) 
 
 
Table 1.22.  Selected dihedral angles and distances (deg and Å) for 1,1,1-(CNC(CH3)3)3-
2-(C6H5)-nido-1,2,3,4-CoC3B7H9 (1.9). 
 
(Co1–C2–C3)plane–
(Co1–B10–B11)plane 89.96(2) 
 (Co1–B10–B11)plane–
(C24–C18–C30)plane 86.73(3) 
 (C24–C18–C30)plane–
(C2–B5–B6–C3)plane 17.71(9) 
 (C2–C4–B7–C3)plane–
(C2–B5–B6–C3)plane 54.04(5) 
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(Co1–C2–C3)plane–
(C2–C4–B7–C3)plane 23.11(9) 
 (C2–C4–B7–C3)plane–
(C24–C18–C30)plane 36.84(7) 
(Co1–C2–C3)plane–
(C2–B5–B6–C3)plane 77.12(2) 
  Co1–(C2–C4–B7–
C3)centroid 2.5822(1)  
(Co1–C2–C3)plane–
(C24–C18–C30)plane 59.75(3) 
  Co1–(C2–B5–B6–
C3)centroid 1.4454(2) 
(Co1–B10–B11)plane–
(C2–C4–B7–C3)plane 88.91(4) 
  Co1–(C24–C18–
C30)centroid 0.9569(2) 
(Co1–B10–B11)plane–
(C2–B5–B6–C3)plane 89.89(2) 
   
 
 
 
Table 1.23.  C≡N streching frequencies of cobalt isocyanide complexes.  
 ν(C≡N) cm–1 
CNtBu 2125 
CpCo(CNtBu)2 2090 
CpCo(C2H4)(CN
tBu) 2060 
CpCo(CO)(CNtBu) 2112, 2071 
[Ph-C3B7H9]Co(CN
tBu)3 (1.9) 2228, 2186, 2026 
 
 
When 1.3 was reacted with excess tert-butyl isocyanide, 1,1,1-(CNC(CH3)3)3-2-
(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.10) was formed as a light yellow powder.  The 11B 
NMR spectra of 1.10 were again characteristic of a slipped cage, η4-6-C6H5-5,6,9-C3B7H9 
complex with, 6 peaks in the range of 0 and –25 ppm, and an upfield peak at –43.0 ppm 
(Figure 1.110).  The 1H{11B} NMR spectrum of 1.10 showed the cage CH resonances at 
2.96 and 1.84 ppm, and 3 resonances for the tBu peaks (1.26, 0.96 and 0.88 ppm).  The 
observation of three CN stretching frequencies (2199, 2158, and 2064 cm–1) are 
consistent with the three tBu resonances observed in the 1H NMR.  The IR CN stretching 
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of the related complex, Cp*Ir(CNtBu)(mnt) (mnt = maleonitriledithiolate) (2179 cm–1),155 
is similar to those of 1.10, meaning the backbonding of the iridium in each complex is 
comparable. This may be due to the strong electron withdrawing nature of the mnt ligand, 
which results in less electron density on the iridium. 
 
 
Figure 1.109.  Synthesis of 1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.10). 
 
Figure 1.110.  11B{1H} (top) and 11B (bottom) NMR spectra of 1,1,1-(CNC(CH3)3)3-2-
(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.10). 
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The crystal structure of 1.10 confirmed a nido-structure with η4-coordination to 
the iridium (Figure 1.111).  Selected distances and angles are presented in Table 1.24-
Table 1.26.  When compared to an analogous complex, Cp*Ir(CNtBu)(mnt),155 the Ir–CN 
bond distances are all longer for 1.10 (Ir–Cave = 1.9873 Å) than Cp*Ir(CNtBu)(mnt) (Ir–C 
= 1.931(8) Å).  Additionally, the cage centroid is closer to the iridium in 1.10 (1.55721(7) 
Å), that the Cp* is to the iridium in Cp*Ir(CNtBu)(mnt) (1.88(1) Å).  The Ir–C2 
(2.1393(19) Å) and Ir–C3 (2.142(2) Å) distances are shorter than the average distance of 
Ir–C(Cp) (2.2224 Å). 
 The Ir–(C2–B5–B6–C3)centroid distance in 1.10 (1.55721(7) Å) is significantly 
shorter than that observed for 1-CO-1,1-dppe-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.6) 
(1.6053(2) Å), again reflecting the strong electron donating properties156 of the three 
isocyanide ligands relative to the CO and dppe ligands in 1.6. 
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Figure 1.111.  Structure of 1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.10). 
Table 1.24.  Selected distances (Å) for 1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-
IrC3B7H9 (1.10). 
Ir1–C30  1.978(2)   C18–N19  1.145(3) 
 Ir1–C18  1.978(2)   C24–N25  1.149(3) 
 Ir1–C24  2.006(2)   C30–N31  1.148(3) 
 Ir1–C2  2.1393(19)   N19–C20  1.460(3) 
 Ir1–C3  2.142(2)   N25–C26  1.463(3) 
 Ir1–B5  2.213(2)   N31–C32  1.458(3) 
 C3–B7  1.613(3)   Ir1–B6  2.229(2) 
 C4–B7  1.617(3)   Ir1–C4 3.084(2) 
 C2–C4  1.545(3)   Ir1–B7 3.116(2) 
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Table 1.25.  Selected angles (deg) for 1,1,1-(CNC(CH3)3)3-2-(C6H5)-nido-1,2,3,4-
IrC3B7H9 (1.10). 
C30–Ir1–C18  90.11(8)   C2–Ir1–B5  46.59(8) 
 C30–Ir1–C24  93.21(8)   C3–Ir1–B5  82.11(9) 
 C18–Ir1–C24  92.79(8)   C30–Ir1–B6  87.51(8) 
 C30–Ir1–C2  169.63(8)   C18–Ir1–B6  125.59(9) 
 C18–Ir1–C2  93.95(8)   C24–Ir1–B6  141.62(9) 
 C24–Ir1–C2  96.11(8)   C2–Ir1–B6  82.37(8) 
 C30–Ir1–C3  90.98(8)   B9–C3–Ir1 124.99(15) 
 C18–Ir1–C3  170.84(8)   C2–B5–Ir1  64.47(10) 
 C24–Ir1–C3  96.23(8)   B8–B5–Ir1 116.12(14) 
 C2–Ir1–C3  83.52(8)   B11–B5–Ir1 116.50(15) 
 C30–Ir1–B5  124.02(8)   B6–B5–Ir1  65.61(11) 
 C18–Ir1–B5  89.75(8)   C3–B6–Ir1  64.58(10) 
 C24–Ir1–B5  142.69(8)   B11–B6–Ir1 115.80(14) 
 B5–Ir1–B6  49.70(9)   B9–B6–Ir1 115.59(14) 
 C3–Ir1–B6  45.40(9)   B5–B6–Ir1  64.68(10) 
 N19–C18–Ir1  178.99(19)   C12–C2–Ir1 117.70(13) 
 C18–N19–C20  177.0(2)   C4–C2–Ir1 112.69(14) 
 N25–C24–Ir1  177.77(19)   B8–C2–Ir1 123.78(13) 
 C24–N25–C26  172.3(2)   B5–C2–Ir1  68.95(10) 
 N31–C30–Ir1  176.91(19)   B7–C3–Ir1 111.39(14) 
 C30–N31–C32  174.2(2)   B6–C3–Ir1  70.02(11) 
 
Table 1.26.  Selected dihedral angles and distances (deg and Å) for 1,1,1-(CNC(CH3)3)3-
2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.10). 
  
(Ir1–C2–C3)plane–(Ir1–
B10–B11)plane 89.73(6) 
 (Ir1–B10–B11)plane–
(C18–C24–C30)plane 89.75(7) 
(Ir1–C2–C3)plane–
(C18–C24–C30)plane 64.83(6) 
  (C18–C24–C30)plan–
(C2–B5–B6–C3)plane 12.4(3) 
(Ir1–C2–C3)plane–(C2–
C4–B7–C3)plane 21.80(10) 
  (C18–C24–C30)plane–
(C2–C4–B7–C3)plane 43.11(7) 
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(Ir1–C2–C3)plane–(C2–
B5–B6–C3)plane 77.20(6) 
 (C2–B5–B6–C3)plane–
(C2–C4–B7–C3)plane 55.44(7) 
(Ir1–B10–B11)plane–
(C18–C24–C30)plane 88.56(7) 
  Ir1–(C2–C4–B7–
C3)centroid 2.59328(7) 
(Ir1–B10–B11)plane–
(C2–C4–B7–C3)plane 89.22(5) 
  Ir1–(C2–B5–B6–
C3)centroid 1.55721(7) 
 
 
 As observed for 1.3, 1.8 also reacted with isocyanides.  In the reaction, one 
equivalent of tert-butyl isocyanide reacted with 1.8, to give 1,1-(η4-COD)-1-
(CNC(CH3)3)-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.11) in 74% yield (Figure 1.112). 
Isocyanide addition to form a nido-cage complex was indicated by the 11B NMR (six 
peaks from 0 to –20 with one upfield at –39 ppm) (Figure 1.113), and 1H NMR (cage-
CHs both upfield at 4.32 and 4.22 ppm).  That both the COD and tert-butyl isocyanide 
were coordinated to the metal was also indicated by the observation in the 1H NMR 
spectrum of peaks for the COD (1.12 (sp3-CHs) and 2.12-2.57 (sp3-CHs) ppm), and tBu 
(1.85 ppm) groups.  The IR data showed a CN stretching frequency for 1.11 at 2189 cm–1 
similar to that of 1.10 (Table 1.27).   
 
 
Figure 1.112.  Synthesis of 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-nido-1,2,3,4-
IrC3B7H9 (1.11). 
130 
 
 
 
Figure 1.113.  11B{1H} (top) and 11B (bottom) NMR spectra of 1,1-(η4-COD)-1-(CNC 
(CH3)3)-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.11). 
 
Table 1.27. C≡N streching frequencies of iridium isocyanide complexes. 
 ν(C≡N) cm–1 
[Ph-C3B7H9]Ir(CN
tBu)(COD) (1.11)   2189 
[Ph-C3B7H9]Ir(CN
tBu)3 (1.10) 2199, 2158, 2064 
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X-ray analysis of 1.11 confirmed the nido-structure shown in Figure 1.114.  
Selected distances and angles are presented in Table 1.28-Table 1.30.  The Ir1–(C2–B5–
B6–C3)centroid distance is closer for 1.11 (1.5832(2) Å) than in 1.6 (1.6053(2) Å), but 
longer than that found in 1.10 (1.55721(7) Å), again consitent with the relative electron 
donation abilities of the other ligands in these complexes.  The (Ir1–C2–C3)plane–(Ir1–
B10–B11)plane angles are similar to each other (1.11: 89.84(7)° and 1.6: 89.6(2)°).  The 
Ir–CN (2.013(7) Å) distance of 1.11 is longer that the average Ir–CN (1.9873 Å) distance 
of 1.10.  This again shows the poorer σ donation from COD compared to isocyanide.  
Likewise, the IrC26–N27 (1.163(10) Å) distance for 1.11 is shorter than the average IrC–
N distance (1.1473 Å) for 1.10.   
 The Ir–CN distance (2.013(7) Å) in 1.11 is much longer than the Ir–CN distance 
(1.931(8) Å) in Cp*Ir(CNtBu)(mnt),155 due to less backbonding from the iridium to the 
π* of the isocyanide in 1.11. 
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Figure 1.114. Structure of 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-nido-1,2,3,4-
IrC3B7H9 (1.11). 
Table 1.28.  Selected distances (Å) for 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-nido-
1,2,3,4-IrC3B7H9 (1.11).  
 
Ir1–C26  2.013(7)  C18–C19  1.374(11) 
 Ir1–C3  2.136(7)  C19–C20  1.538(11) 
 Ir1–C2  2.143(6)  C20–C21  1.505(12) 
 Ir1–C19  2.208(8)  C21–C22  1.505(12) 
 Ir1–C18  2.218(7)  C22–C23  1.391(11) 
 Ir1–C22  2.239(8)  C23–C24  1.509(11) 
 Ir1–B5  2.250(8)  C24–C25  1.531(11) 
 Ir1–C23  2.251(8)  C18–C25  1.500(11) 
 Ir1–B6  2.274(9)  Ir1–C12 3.121(6) 
 C26–N27  1.163(10)   Ir1–C4 3.071(7) 
 N27–C28  1.476(10)   Ir1–B7 3.126(9) 
 C2–C4  1.532(9)   C4–B7  1.639(11) 
  C3–B7  1.642(11)    
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Table 1.29.  Selected angles (deg) for 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-nido-
1,2,3,4-IrC3B7H9 (1.11). 
C26–Ir1–C3  85.8(3)   C22–Ir1–B5  109.4(3) 
 C26–Ir1–C2  89.2(3)   C26–Ir1–C23  80.9(3) 
 C3–Ir1–C2  82.8(2)   C3–Ir1–C23  98.0(3) 
 C26–Ir1–C19  116.0(3)   C2–Ir1–C23  170.0(3) 
 C3–Ir1–C19  158.2(3)   C19–Ir1–C23  86.3(3) 
 C2–Ir1–C19  96.7(3)   C18–Ir1–C23  78.6(3) 
 C26–Ir1–C18  79.9(3)   C22–Ir1–C23  36.1(3) 
 C3–Ir1–C18  165.6(3)   B5–Ir1–C23  145.4(3) 
 C2–Ir1–C18  98.1(3)   C26–Ir1–B6  129.0(3) 
 C19–Ir1–C18  36.2(3)   C3–Ir1–B6  43.7(3) 
 C26–Ir1–C22  116.1(3)   C2–Ir1–B6  79.9(3) 
 C3–Ir1–C22  92.2(3)   C19–Ir1–B6  114.6(3) 
 C2–Ir1–C22  153.9(3)   C18–Ir1–B6  150.7(3) 
 C19–Ir1–C22  78.6(3)   C19–Ir1–B5  84.5(3) 
 C18–Ir1–C22  93.0(3)   C18–Ir1–B5  110.9(3) 
 C26–Ir1–B5  132.7(3)    B9–C3–Ir1  128.0(5) 
 C3–Ir1–B5  79.9(3)   C23–C22–Ir1  72.4(5) 
 C2–Ir1–B5  44.6(3)   C21–C22–Ir1  110.6(5) 
 C22–Ir1–B6  78.9(3)   C22–C23–Ir1  71.5(5) 
 B5–Ir1–B6  48.4(3)   C24–C23–Ir1  113.0(5) 
 C23–Ir1–B6  107.6(3)   C18–C19–Ir1  72.3(5) 
 N27–C26–Ir1  177.3(7)   B11–B5–Ir1  116.8(5) 
 C26–N27–C28  178.3(8)   B8–B5–Ir1  115.4(5) 
 C2–B5–Ir1  64.3(3)   B6–B5–Ir1  66.5(4) 
 C20–C19–Ir1  113.9(5)   C3–B6–Ir1  63.7(4) 
 C12–C2–Ir1  115.5(4)   B11–B6–Ir1  115.5(5) 
 C4–C2–Ir1  112.3(5)   B9–B6–Ir1  114.1(5) 
 B5–C2–Ir1  71.1(3)   B5–B6–Ir1  65.1(3) 
 B8–C2–Ir1  127.2(5)   C19–C18–Ir1  71.5(5) 
 B7–C3–Ir1  111.1(5)   C25–C18–Ir1  112.1(5) 
 B6–C3–Ir1  72.6(4)    
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Table 1.30.  Selected dihedral angles and distances (deg and Å) for 1,1-(η4-COD)-1-
(CNC(CH3)3)-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (1.11). 
 
(Ir1–B10–B11)plane–(C2–Ir1–C3)plane 89.84(7) 
(C2–Ir1–C3)plane–(C18–C19–C22–C23)plane 81.82(7) 
(C2–Ir1–C3)plane–(C20–C21–C24–C25)plane 82.44(5) 
(C2–Ir1–C3)plane–(C2–C4–B7–C3)plane 27.0(4) 
(C2–Ir1–C3)plane–(C2–C3–B5–B6)plane 80.64(9) 
(Ir1–B10–B11)plane–(C18–C19–C22–C23)plane 89.82(8) 
(Ir1–B10–B11) plane–(C20–C21–C24–C25)plane 88.57(7) 
(Ir1–B10–B11)plane–(C2–C4–B7–C3)plane 88.8(2) 
(Ir1–B10–B11)plane–(C2–C3–B5–B6)plane 89.89(10) 
(C18–C19–C22–C23)plane–(C20–C21–C24–C25)plane 1(3) 
(C18–C19–C22–C23)plane–(C2–C4–B7–C3)plane 71.2(2) 
(C18–C19–C22–C23)plane–(C2–C3–B5–B6)plane  17.5(3)     
(C20–C21–C24–C25)plane–(C2–C4–B7–C3)plane 70.7(2) 
(C20–C21–C24–C25)plane–(C2–C3–B5–B6)plane 17.0(3) 
C2–C4–B7–C3)plane–(C2–C3–B5–B6)plane 53.7(2) 
 Ir1–(C2–C3–B5–B6)centroid 1.5832(2) 
 Ir1–(C2–C4–B7–C3)centroid 2.7290(3) 
 Ir1–(C18–C19–C22–C23)centroid 1.5805(2) 
Ir1–(C20–C21–C24–C25)centroid 2.6222(2) 
 
 
 
Upon heating 1.11 at 60 °C, this complex reacted to reform 1.8, as well as 1.10 
(Figure 1.115).  1.10 was also accessed directly from 1.8 when stirred at 60 °C with 3 
equiv. of tert-butyl isocyanide (Figure 1.116). 
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Figure 1.115.  Reactivity of 1.11 at 60 °C to reform 1.8 and 1.10. 
 
 
Figure 1.116. Alternative synthesis of 1.10 from 1.8. 
 
1.7.2.4 Reactions with Alkynes 
 When 1.1 was reacted with diphenylacetylene at 60 °C for 5 d, both carbonyls 
were displaced to form 1,1-(η4-C4(C6H5)4)-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.12) 
(Figure 1.117).  The 11B NMR spectra of 1.12 are in the expected range for an η6-6-C6H5-
5,6,9-C3B7H9 coordinated cage (peak between: 6 and –25 ppm). The 1H NMR spectra has 
the expected upfield (2.31 ppm) and midfield (4.01 ppm) resonances.   
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Figure 1.117. Synthesis of 1,1-(η4-C4(C6H5)4)-2-(C6H5)-closo-1,2,3,4-CoC3B7H9 (1.12). 
 
 The methyl-substituted-cyclobutadiene was synthesized by a different synthetic 
route (Figure 1.118) by Perez-Gavilan.157  The crystallographically determined structure 
(Figure 1.119) of 1,1-(η4-C4(CH3)4)-2-(C6H5)-1,2,3,4-CoC3B7H9 as a closo-cage 
structure. The 11B NMR spectra of 1.12 were similar to that of 1,1-(η4-C4(CH3)4)-2-
(C6H5)-1,2,3,4-CoC3B7H9 (Table 1.31), with a pattern of 4 downfield and 3 upfield 
resonances.  This provided strong evidence for its proposed structure.  1H NMR spectra, 
had the expected upfield (2.59 ppm) and midfield (4.96 ppm) peaks.  
 
 
Figure 1.118.  Synthesis of 1,1-(η4-C4(CH3)4)-2-(C6H5)-closo-1,2,3,4-CoC3B7H9. 
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Table 1.31. 11B{1H} NMR Shifts for 1.12 vs. 1,1-(η4-C4(CH3)4)-2-(C6H5)-closo-1,2,3,4-
CoC3B7H9. 
11B{1H} NMR Shifts (ppm) 
1,1-(η4-C4(C6H5)4)-2-
(C6H5)-closo-1,2,3,4-
CoC3B7H9 (1.12) 
1,1-(η4-C4(CH3)4)-2-
(C6H5)-closo-1,2,3,4-
CoC3B7H9 
6.7 –1.9 
0.0 –2.9 
–2.0 –5.7 
–5.1 –7.5 
 –19.1 (2B) 
–22.1 
–22.6 
–24.3 –26.0 
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Figure 1.119. Structure of 1,1-(η4-C4(CH3)4)-2-(C6H5)-closo-1,2,3,4-CoC3B7H9. 
 
 When the bond lengths of 1,1-(η4-C4(CH3)4)-2-(C6H5)-closo-1,2,3,4-CoC3B7H9, 
are compared to those of (indenyl)Co(η4-C4(CH3)4),158 the distances of C18–C19 are 
shorter for the cage complex (1.453(3) Å) than in the indenyl complex (1.465(5) Å).  
Additionally, the Co–C18 distances are longer for the cage complex (2.0017(19) Å) than 
the indenyl complex (1.972(4) Å).  Both of these trends are indicative of less 
backbonding from the cobalt to the Cb* for 1,1-(η4-C4(CH3)4)-2-(C6H5)-closo-1,2,3,4-
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CoC3B7H9 than (indenyl)Co(η4-C4(CH3)4).  The Co-C2 (1.978(2) Å) and C-C3 (1.947(2) 
Å) are shorter than the average distance of Co-C(indenyl) (2.0828 Å). 
 Many examples of CpCo(η4-C4R4) (R = H, Me, Et, Ph, SiMe3, etc.)113,159-161 have 
been reported though the reaction of CpCoL2 with the corresponding alkyne derivative; 
there are, however, no reports of isolated CpIr(η4-C4R4) complexes.  When Cp*Ir(η3-
C3H5)(OTf) or (indenyl)Ir(CO)2 were reacted with alkynes ligands, substitution to form 
the corresponding [Cp*Ir(η3-C3H5)(η2-RC≡CR)][OTf] or (indenyl)Ir(CO)(η2-RC≡CR) 
was observed.162-164  Thus, when 3 was reacted with diphenylacetylene at 60 °C for 5 d, 
two carbonyls were substituted to form 1-CO-1,1-(η2-C2(C6H5)2)2-2-(C6H5)-nido-1,2,3,4-
IrC3B7H9 (1.13) (Figure 1.120).  The mass spectra given in the experimental section 
confirmed the substitution of two diphenylacetylenes for two carbonyls.  The 11B NMR 
spectra of 1.13 were characteristic of a slipped cage, η4-6-C6H5-5,6,9-C3B7H9-C3B7H9Ph, 
complex with, 6 peaks in the range of 2 to –20 ppm, and an upfield peak at –41.2 ppm, 
and the 1H NMR spectrum had two midfield resonances (4.31 and 3.46 ppm).  The IR of 
1.13 showed a CO stretching frequency (2078 cm–1) similar to that of 1.3 (2081 and 2028 
cm–1), but higher than 1.6 (2013 cm–1).  The CO stretching frequency of an analogous 
complex, (indenyl)Ir(CO)(C2(C6H5)2) (1981 cm
–1),164 is lower compared to that of 1.13, 
due to the cage being more electron withdrawing than the indenyl.  Additionally there is a 
frequency attributed to the C≡C (2026 cm–1), that is higher than that reported for an 
analogous complex, [Cp*Ir(η3-C3H5)(η2-C2(C6H5)2)][TfO] (1905 cm–1),163 again 
consistent with cage being more electron withdrawing than the indenyl, and the 
assignment of ligand substitution without cyclization.  1.13 was also observed to react 
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with tert-butyl isocyanide at room temperature to give 1.10 (Figure 1.121), supporting the 
conclusion that 1.13 is the bis-η2-C2(C6H5)2 substituted compound instead of a η4-
C4(C6H5)4 product. 
 
Figure 1.120. Synthesis of 1-CO-1,1-(η2-C2(C6H5)2)2-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 
(1.13). 
 
Figure 1.121. Ligand substitution to form 1.10.  
 
1.7.2.4.1 Deboronation: Reactivity of 1,1-(η4-COD)-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 
(1.8) with 3-hexyne 
 When 1.8 was stirred with 2 equivalents of 3-hexyne at room temperature for 5h, 
2,2-(η4-COD)-10-(C6H5)-closo-2,1,6,10-IrC3B6H8 (1.14) was produced in 72% yield 
(Figure 1.105).  The loss of one cage boron was confirmed by the 11B NMR spectra of 
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1.14 which showed 6 independent resonances (Figure 1.123).  The 1H NMR spectrum 
showed resonances for the COD-Hs (2.34–2.38, and 2.64 ppm sp2-COD-Hs and 1.28 
ppm sp3-COD-Hs) and cage-CHs (2.18 and 4.02 ppm).   
 
 
Figure 1.122. Deboronation of 2,2-(η4-COD)-10-(C6H5)-closo-2,1,6,10-IrC3B6H8 (1.14). 
 
 
Figure 1.123.  11B{1H} NMR spectrum of 2,2-(η4-COD)-10-(C6H5)-closo-2,1,6,10-
IrC3B6H8 (1.14). 
 
Deboronation of a closo-structure had previously been seen by Perez-Gavilan et 
al. to produce 10-vertex ruthenium, rhenium, and iron metallatricarboncarboranes.165  
These were formed by 1-Cp-2-(C6H5)-closo-1,2,3,4-MC3B7H9 (M = Ru, Fe) or 1,1,1-
(CO)3-2-(C6H5)-closo-1,2,3,4-ReC3B7H9 reacting with tetrabutyl-ammonium fluoride 
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(TBAF) to make 2-Cp-10-(C6H5)-closo-2,1,6,10-MC3B6H8 (M = Ru, Fe) and 2,2,2-
(CO)3-10-(C6H5)-closo-2,1,6,10-ReC3B6H8–, respectively.  The 
11B NMR spectrum of 
1.14 was similar to that observed for 2-Cp-10-(C6H5)-closo-2,1,6,10-MC3B6H8 (M = Ru, 
Fe) (Table 1.32), suggesting a similar structure.  Crystallographic determination of 1-Cp-
2-(C6H5)-closo-1,2,3,4-RuC3B7H9 confirmed the closo-bicapped square antiprism 
geometry.   
 
Table 1.32.  11B{1H} NMR Shifts for 1.14 vs. 1-Cp-2-(C6H5)-closo-1,2,3,4-MC3B7H9 (M 
= Fe, Ru). 
11B{1H} NMR Shifts (ppm) 
2,2-(η4-COD)-10-
(C6H5)-closo-
2,1,6,10-IrC3B6H8 
(1.14) 
1-Cp-2-(C6H5)-
closo-1,2,3,4-
FeC3B7H9 
1-Cp-2-(C6H5)-
closo-1,2,3,4-
RuC3B7H9 
3.3 4.6 8.4 
–4.2 –4.9 –2.4 
–9.6 –8.2 –7.6 
–16.5 –21.7 –23.4 
–19.1 –28.9 
–27.2 (2B) 
–21.1 –30.8 
 
 
The closo-10-vertex (22 skeletal electrons, with the Ir(COD) fragment donating 1 
e–) final structure of 1.14 was confirmed by single crystal X-ray analysis (Figure 1.124).  
Selected distances and angles are presented in Table 1.33-Table 1.35.  Two of the cage 
carbons (C1 and C10) occupy the low-coordinate open face positions and have one 
hydrogen attached, while the third carbon (C6) is situated in a five-coordinate site that is 
attached to the cage phenyl group.  When comparing the cage bond lengths of 1.14 and 2-
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Cp-10-(C6H5)-closo-2,1,6,10-RuC3B6H8, there are few variations; however the C6–B7 
distance of 1.14 (2.355 Å) is substantially longer than that of 2-Cp-10-(C6H5)-closo-
2,1,6,10-RuC3B6H8 (1.777(3) Å).   
The corresponding cage bond lengths in 1.14 are all longer than those of 1.8, 
conversely the cage centroid (B5–B7–C6–B3) of 1.14 is closer to the Ir (1.6644(3) Å) 
than in 1.8.  The Ir–CODcentroid (C17–C18–C19–C20) distance (1.6644(3) Å) of 1.14 is 
shorter than that of 1.8.  The angle between the coordinated cage plane and the COD 
plane of 1.14 is much greater (20.5(6)°) than the same angle in 1.8 (9.6(3)°), highlighting 
the tilted nature of the deboronated complex.  The C=C bond lengths of COD for 1.8 
(1.415(4) and 1.413(4) Å), are similar in length to each other, whereas the C=C bond 
lengths of COD for 1.14 (C17–C18: 1.428(14) and C21–C22: 1.364(15)) are much 
different, with a longer bond appearing near the deboronation site. This is consistent with 
C17 and C18 being closer to the iridium (Ir–C17: 2.168(9) and Ir–C18: 2.161(9) Å) than 
C21 and C22 (Ir2–C21: 2.214(10) and Ir2–C22: 2.201(9) Å). 
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Figure 1.124.  Structure of 2,2-(η4-COD)-10-(C6H5)-closo-2,1,6,10-IrC3B6H8 (1.14). 
 
Table 1.33.  Selected distances (Å) for 2,2-(η4-COD)-10-(C6H5)-closo-2,1,6,10-IrC3B6H8 
(1.14). 
C1–Ir2  2.067(9)   C1–B3  1.622(14) 
 Ir2–C6  2.074(8)   B3–C6  1.731(13) 
 Ir2–C18  2.161(9)   C6–B7 2.355 
 Ir2–C17  2.168(9)   B5–B7  1.788(14) 
 Ir2–B7  2.198(10)   C1–B5  1.621(15) 
 Ir2–C22  2.201(9)   C6–C10  1.561(12) 
 Ir2–C21  2.214(10)   B7–C10  1.606(12) 
 Ir2–B3  2.325(11)   B8–C10  1.650(12) 
 Ir2–B5  2.411(11)   B9–C10  1.650(13) 
C17–C18  1.428(14)  C21–C22  1.364(15) 
C18–C19  1.498(14)  C22–C23  1.503(15) 
C19–C20  1.531(15)  C23–C24  1.532(16) 
C20–C21  1.544(14)  C17–C24  1.498(14) 
 Ir2–C10 2.907    
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Table 1.34.  Selected angles (deg) for 2,2-(η4-COD)-10-(C6H5)-closo-2,1,6,10-IrC3B6H8 
(1.14).  
B4–C1–Ir2 118.0(6)   C19–C18–Ir2 112.1(7) 
 B5–C1–Ir2  80.7(5)   C22–C21–Ir2  71.5(6) 
 B3–C1–Ir2  77.1(5)   C20–C21–Ir2  113.4(7) 
 C1–B3–Ir2  60.1(5)   C21–C22–Ir2  72.6(6) 
 C6–B3–Ir2  59.4(4)   C23–C22–Ir2  108.3(7)  
 B4–B3–Ir2  99.2(6)   C22–Ir2–B5  110.8(4) 
 B9–B3–Ir2 104.4(6)   C1–Ir2–B7 82.6(4) 
C1–B5–Ir2  57.8(5)   C6–Ir2–B7  63.2(3) 
 B7–B5–Ir2  61.0(4)   C18–Ir2–B7  84.7(4) 
 B8–B5–Ir2 103.8(5)   C17–Ir2–B7 118.0(4) 
 B4–B5–Ir2  96.2(6)   C1–Ir2–C22  93.4(4) 
 C10–C6–Ir2 106.8(5)   C6–Ir2–C22  154.9(4) 
 B9–C6–Ir2 119.9(6)   C18–Ir2–C22  95.4(4) 
 B3–C6–Ir2  74.7(5)   C17–Ir2–C22  81.0(4) 
 C10–B7–Ir2  99.8(5)   B7–Ir2–C22  140.9(4) 
 B5–B7–Ir2  73.7(5)   C1–Ir2–C6  82.1(3) 
 B8–B7–Ir2 111.5(6)   C1–Ir2–C18 167.1(4) 
 C18–C17–Ir2  70.5(5)   C6–Ir2–C18  93.8(4) 
 C24–C17–Ir2 112.8(7)   C1–Ir2–C17  153.2(4) 
 C17–C18–Ir2  71.0(5)   C6–Ir2–C17  92.0(4) 
 C21–Ir2–B5  94.6(4)   C18–Ir2–C17  38.5(4) 
 C6–Ir2–B3 45.9(3)   B3–Ir2–B5  68.9(4) 
 C18–Ir2–B3 137.8(4)   C1–Ir2–C21  102.4(4) 
 B7–Ir2–B3  85.8(4)   C6–Ir2–C21  168.8(4) 
 C22–Ir2–B3 117.0(4)   C18–Ir2–C21  79.6(4) 
 C21–Ir2–B3 142.2(4)   C17–Ir2–C21 88.4(4) 
 C1–Ir2–B5  41.6(4)   B7–Ir2–C21  106.8(4) 
 C6–Ir2–B5 81.9(3)   C22–Ir2–C21  36.0(4) 
 C18–Ir2–B5 125.9(4)   C1–Ir2–B3  42.9(4) 
 C17–Ir2–B5 163.2(4)   C17–Ir2–B3  117.3(4) 
 B7–Ir2–B5 45.3(4)    
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Table 1.35.  Selected dihedral angles and distances (deg and Å) for 2,2-(η4-COD)-10-
(C6H5)-closo-2,1,6,10-IrC3B6H8 (1.14). 
 
(Ir2–B7–C10–C6)plane–(B5–B7–C6–B3)plane 67.0(2) 
(C17–C18–C21–C22)plane–(Ir2–B7–C10–C6)plane 48.1(3) 
(C17–C18–C21–C22)plane–(B5–B7–C6–B3)plane 20.5(6) 
 Ir2–(B5–B7–C6–B3)centroid 1.6644(3) 
 C1–(B5–B7–C6–B3)centroid 0.556(7) 
 Ir2–(C17–C18–C21–C22)centroid 1.522 
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A pathway proposed by Perez-Gavilan for the fluoride induced deboronation by 
attack at an electropositive boron is shown in Figure 1.125.165  Previous studies166-168 
have shown that the most electropositive borons in dicarbaboranes are those situated 
between the two carbons.  The borons in the position 7 and 8 are attached to two carbons 
and therefore should be a preferred deboronation sites.  As presented, fluoride abstraction 
of the B8 position generates an open five-membered face, and then by a simple 
rearrangement the Ph–C can move to a four-coordinate position away from the metal-
bonding face.  A similar pathway involving attack by the alkyne at the positive B8 boron, 
followed by loss of R3B and cage rearrangement could also be a reasonable pathway for 
the formation of 1.14. 
 
  
 
Figure 1.125.  Possible pathway for the fluoride induced deboronation reactions. 
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1.7.2.5 Attempts at Oxidative Addition 
As described in 1.5.2.1 Oxidative-Addition, group 9 half-sandwich compounds 
(CpML2 (M = Co, Rh, Ir)) can undergo oxidative-addition with compounds such as 
iodine, perfluoroalkyliodides, and methane (Figure 1.126). 
 
Figure 1.126.  Examples of oxidative-addition reactivity observed for CpM(CO)2 (M = 
Co, Rh, Ir). 
 
When 1.11 was reacted with half an equivalent of I2, the expected oxidative-
addition product was not isolated, but instead 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-5-
I-nido-1,2,3,4-IrC3B7H8 (1.15) was formed in 80% yield (Figure 1.127).  The same 
product was also observed in the reaction of perfluoro-1-iodohexane with 1.11, under UV 
irradiation.  The 11B NMR spectra of 1.15 showed 7 separate resonances with a singlet at 
–20.0 ppm (Figure 1.128).  The cage-CH resonances in the 1H NMR spectrum are at 1.41 
and 2.96 ppm.   The IR spectrum showed a CN stretching frequency at 2191 cm–1.   
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Figure 1.127. Synthesis of 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-5-I-nido-1,2,3,4-
IrC3B7H8 (1.15). 
 
 
Figure 1.128.  11B{1H} (top) and 11B (bottom) NMR spectra of 1,1-(η4-COD)-1-
(CNC(CH3)3)-2-(C6H5)-5-I-nido-1,2,3,4-IrC3B7H8 (1.15). 
 
 X-ray analysis confirmed this complex as 1.15, with the iodinated boron on the 
open face of the cage (Figure 1.129).  Selected distances and angles are presented in 
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Table 1.36-Table 1.38.  The addition of the iodide to the cage framework has little effect 
on the bonding within cage, as the bond lengths are similar to that of 1.11.   
 Other mono-iodinated metallatricarbadecaboranyl complexes had been made by 
the reaction of 1-Cp-2-(C6H5)-closo-1,2,3,4-MC3B7H9 (M = Fe, Ru) with ICl/AlCl3.169,170  
This reaction gave a mixture of iodinated products (Figure 1.130). For these complexes, 
the iodine on the open face of the cage is on the side with two adjacent borons. This 
differs from the reaction forming 1.15, for which the iodine is adjacent to two carbons.  
In all cases, the B–I distance is similar for 1.15 (2.186(6) Å) and 1-Cp-2-(C6H5)-6-I-
closo-1,2,3,4-MC3B7H8 (M = Fe (2.187(3) Å), Ru (2.194(3) Å)).  
 
Figure 1.129.  Structure of 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-5-I-nido-1,2,3,4-
IrC3B7H8 (1.15). 
 
151 
 
Table 1.36.  Selected distances (Å) for 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-5-I-nido-
1,2,3,4-IrC3B7H8 (1.15).  
Ir1–C26  1.995(5)   C26–N27  1.157(7) 
 Ir1–C2  2.142(6)   N27–C28  1.470(7) 
 Ir1–C3  2.152(5)   B7–I1  2.186(6) 
 Ir1–C19  2.234(5)   C3–B7  1.575(8) 
 Ir1–C18  2.243(6)   C4–B7  1.640(8) 
 Ir1–B5  2.249(6)   C2–C4  1.542(8) 
 Ir1–C23  2.256(6)   Ir1–C22  2.262(5) 
 Ir1–C4 3.063(5)   Ir1–B6  2.269(6) 
 Ir1–B7 3.075(7)  C20–C21  1.459(10) 
C18–C19  1.409(9)  C21–C22  1.486(8) 
C19–C20  1.509(8)  C22–C23  1.380(8) 
C24–C25  1.473(11)  C23–C24  1.536(9) 
C18–C25  1.514(9)    
 
Table 1.37.  Selected angles (deg) for 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-5-I-nido-
1,2,3,4-IrC3B7H8 (1.15). 
C26–Ir1–C2  89.5(2)   C3–Ir1–C22  92.3(2) 
 C26–Ir1–C3  86.4(2)   C19–Ir1–C22  77.9(2) 
 C2–Ir1–C3  84.1(2)   C18–Ir1–C22  90.6(2) 
 C26–Ir1–C19 117.5(2)   B5–Ir1–C22  109.6(2) 
 C2–Ir1–C19  95.5(2)   C23–Ir1–C22  35.6(2) 
 C3–Ir1–C19 156.1(2)   C26–Ir1–B6  130.3(2) 
 C26–Ir1–C18  80.9(2)   C2–Ir1–B6  80.4(2) 
 C2–Ir1–C18  98.5(2)   C3–Ir1–B6  44.4(2) 
 C19–Ir1–C18  36.7(2)   C18–Ir1–B6  148.6(2) 
 C26–Ir1–B5 133.6(2)   B5–Ir1–B6  47.9(2) 
 C2–Ir1–B5  45.2(2)   C23–Ir1–B6  107.4(2) 
 C3–Ir1–B5  80.5(2)   C26–Ir1–C22  115.2(2) 
 C19–Ir1–B5  82.4(2)   B5–Ir1–C23  145.2(2) 
 C18–Ir1–B5 110.4(2)   N27–C26–Ir1  177.3(5) 
 C26–Ir1–C23  80.2(2)   C18–Ir1–C23  78.5(2) 
 C2–Ir1–C23 169.6(2)   C20–C19–Ir1  113.2(4) 
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 C2–Ir1–C22  54.8(2)   C23–C22–Ir1  72.0(3) 
 C22–Ir1–B6  79.7(2)   C21–C22–Ir1  110.8(4) 
 C3–Ir1–C23  96.6(2)   C22–C23–Ir1  72.4(3) 
 C19–Ir1–C23  88.0(2)   C24–C23–Ir1  112.3(4) 
 C26–N27–C28 175.2(6)  C2–B5–Ir1  64.0(3) 
 C18–C19–Ir1  72.0(3)   B8–B5–Ir1  115.9(3) 
 C25–C18–Ir1 112.1(4)   B11–B5–Ir1  117.7(3) 
 C12–C2–Ir1 116.0(4)   B6–B5–Ir1  66.6(3) 
 C4–C2–Ir1 112.1(4)   C3–B6–Ir1  64.1(3) 
 B5–C2–Ir1  70.7(3)   B11–B6–Ir1  117.1(4) 
 B8–C2–Ir1 125.9(4)   B9–B6–Ir1  115.3(3) 
 B7–C3–Ir1 108.9(4)   B5–B6–Ir1  65.5(3) 
 B6–C3–Ir1  71.5(3)   C19–C18–Ir1  71.3(3) 
 B9–C3–Ir1 126.4(3)    
 
Table 1.38.  Selected dihedral angles and distances (deg and Å) for 1,1-(η4-COD)-1-
(CNC(CH3)3)-2-(C6H5)-5-I-nido-1,2,3,4-IrC3B7H8 (1.15). 
 
(Ir1–C2–C3)plane–(Ir1–B10–B11)plane 89.4(2) 
(Ir1–C2–C3)plane–(C18–C19–C22–C23)plane 80.7(1) 
(Ir1–C2–C3)plane–(C20–C21–C25–C25)plane 81.3(2) 
(Ir1–C2–C3)plane–(C2–C4–B7–C3)plane 24.2(3)     
(Ir1–C2–C3)plane–(C2–B5–B6–C3)plane 81.0(1) 
(Ir1–B10–B11)plane–(C18–C19–C22–C23)plane 89.8(2) 
(Ir1–B10–B11)plane–(C20–C21–C25–C25)plane 88.8(3) 
(Ir1–B10–B11)plane–(C2–C4–B7–C3)plane 89.6(2) 
(Ir1–B10–B11)plane–(C2–C4–B7–C3)plane 89.8(2) 
(C18–C19–C22–C23)plane–(C20–C21–C25–C25)plane 1(14) 
(C18–C19–C22–C23)plane–(C2–C4–B7–C3)plane 75.1(2) 
(C18–C19–C22–C23)plane–(C2–B5–B6–C3)plane 18.2(5) 
(C20–C21–C25–C25)plane–(C2–C4–B7–C3)plane 74.5(2) 
(C20–C21–C25–C25)plane–(C2–B5–B6–C3)plane 17.7(7) 
(C2–C4–B7–C3)plane–(C2–B5–B6–C3)plane 56.9(2) 
 Ir1–(C18–C19–C22–C23)centroid 1.6 
 Ir1–(C2–B5–B6–C3)centroid 1.662 
 Ir1–(C2–C4–B7–C3)centroid 2.262 
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Figure 1.130. Iodination reaction (M = Fe, Ru). 
  
 The absence of the ability to undergo oxidative-addition reactions is again 
consistent with the well characterized ability of the C3B7 ligand to stabilize low oxidation 
states. 
 
1.8 Conclusions 
In conclusion, the synthesis and structural characterization of the first extensive 
series of group 9 tricarbadecaboranyl half-sandwich complexes, 1,1-L2-2-(C6H5)-closo-
1,2,3,4-MC3B7H9 (M = Co: L = CO, L2 = dppe, η4-C4Ph4, M = Rh: L = CO L2 = dppe, 
COD, M = Ir: L2 = COD), 1,1,1-L3-2-(C6H5)-nido-1,2,3,4-MC3B7H9 (M = Co: L = 
CNtBu, M = Ir: L = CO, CNtBu), 1-L’-1,1-L2-2-(C6H5)-nido-1,2,3,4-IrC3B7H9 (L’ = CO, 
CNtBu, L2 = dppe, COD, η4-C4Ph4), 2,2-(η4-COD)-10-(C6H5)-closo-2,1,6,10-IrC3B6H8, 
and 1,1-(η4-COD)-1-(CNC(CH3)3)-2-(C6H5)-5-I-nido-1,2,3,4-IrC3B7H8, were achieved.  
The structural studies confirmed that the C3B7 ligand can form either η6- or η4-6-C6H5-
5,6,9-C3B7H9 complexes.  In the case of 1,1-(COD)-2-(C6H5)-closo-1,2,3,4-IrC3B7H9 
(1.8), deboronation, ligand substitution, and cage halogenation all readily occurred.   
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As shown in this chapter, the metallatricarbadecaboranyl complexes exhibit 
distinctive properties compared to their cyclopentadienyl analogs, including (1) strong 
electron-withdrawing properties that reduce backbonding to π-accepting ligands, (2) the 
ability to readily form slipped-cage structures, and (3) the ability to stabilize lower metal 
oxidation states.  A scheme of the reactivity so far seen for these compounds is 
summarized in Figure 1.131.  The distinct properties of these complexes compared to 
their analogous cyclopentadienide counterparts potentially means they could find 
applications in systems such as catalysts for alkyne oligomerizations, polymer and 
dendrimer building blocks, and synthetic precursors for medicinal therapies (e.g. 10B 
carriers for BNCT, anticancer agents).19,171 
 
Figure 1.131.  Examples of reactivity achieved for group nine half-sandwich 
metallatricarbadecaboranly complexes. 
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CHAPTER 2: Synthesis of 5-TfO-B10H13 and Reactivity of Halo/TfO-Substituted 
Decaboranes 
2.1 Introduction 
In 1959, Hawthorne and Pitochelli reported the synthesis of B10H10
2– (Figure 2.1)1 
by the reaction of 6,9-di(acetonitrile)decaborane with triethylamine in refluxing benzene 
(Figure 2.2).  It was also shown that closo-B10H10
2– could be synthesized from 
borohydride compounds, such as tetraethylammonium tetrahydroborate, through solid 
state pyrolysis (Figure 2.3).2  This second route is especially important since, in addition 
to borohydrides being inexpensive and readily available, this route eliminated the need 
for decaborane, which is a compound generally synthesized from hazardous diborane 
(B2H6) starting material.  Numerous salts of B10H10
2– have been prepared, including 
cesium and ammonium, and are described in a recent review on decaborate anion 
chemistry.3 
 
Figure 2.1. Closo-B10H10
2– deltahedron. 
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Figure 2.2. Synthesis of closo-B10H10
2– from di(acetonitrile)decaborane. 
  
Figure 2.3. Synthesis of closo-B10H10
2– from borohydrides. 
 
The structure, crystallographically determined for Cu2B10H10 in 1962,
4 is a 
bicapped square antiprism cluster consisting of two staggered 4-membered rings of boron 
atoms and two capping boron vertices, with each boron bonded to one terminal-hydrogen. 
According to Wade’s rules, B10H102– has 22 skeletal electrons or 11 electron pairs in the 
polyhedral framework, putting it in the closo cluster class.5  Jemmis and coworkers 
showed that the molecular orbitals of each of the capped 4-membered pyramids act as 
ring-like fragments.6  Closo-B10H10
2– is  considered aromatic due to all BnHn
2– 
compounds having positive resonance stabilization energies7 and large negative values of 
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nucleus independent chemical shifts (NICS),8 both criteria of which are often used to 
assign aromaticity.  
Hawthorne showed that closo-B10H10
2– could undergo a two-electron 
reduction/cage-opening reaction, to form nido-6-R-B10H13 (R = Ph, Cy, TfO) compounds, 
when reacted with benzene, cyclohexane, or triflate ion in the presence of triflic acid 
(Figure 2.4).9 The triflate-substituted nido-6-TfO-B10H13 crystal structure was reported by 
Hawthorne in 1992 (Figure 2.5).  
 
 
Figure 2.4. Acid induced cage opening of closo-B10H10
2–. 
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Figure 2.5. Crystallographically determined structure of 6-TfO-B10H13. Selected 
distances (Å): B5–B10, 1.982(6); B6–O1, 1.433(4); S1–O1, 1.541(2); S1–O2, 1.410(3); 
S1–O3, 1.416(3). 
 
Ewing et al. also described acid-promoted opening of closo-B10H10
2– to give 6-
substituted compounds. In this case, cage-opening of closo-B10H10
2– to give 6-X-B10H13. 
(X = Cl, Br, I) was achieved by the reaction of hydrogen halides in super acidic mixtures 
of ionic liquids, such as bmimCl, bmimBr, and bmimI (bmim = 1-Butyl-3-
methylimidazolium), HX (X = Cl, Br), and aluminum halide (Figure 2.6).10  It was 
subsequently shown that 6-X-B10H13 could be converted to its 5-X-B10H13 isomer by a 
base-catalyzed isomerization reaction (Figure 2.7).11 
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Figure 2.6. Conversion of closo-B10H10
2– to 6-X-B10H13. 
 
 
Figure 2.7. Conversion of 6-X-B10H13 to 5-X-B10H13. 
 
In this chapter, the cage opening of closo-B10H10
2– in a bmimOTf/HTfO solution 
is shown to give 5-TfO-B10H13.  The results of a reactivity study of 5-TfO-B10H13 is also 
described and this compound is shown to (1) be deprotonated by reaction with Proton 
Sponge (PS) to form the 5-TfO-B10H12
1– anion, (2) undergo olefin-hydroboration 
reactions to form 6,9-(C5H11)2-5-TfO-B10H11, and (3) form Lewis acid-Lewis base 
adducts at its Lewis acidic 6,9-borons.  The reactivity of 6,9-(Me2S)2-5-TfO-B10H11 was 
also explored and this compound is shown to undergo alkyne insertion reactions to form a 
range of previously unreported 4-TfO-ortho-carboranes (1-R-4-TfO-1,2-C2B10H11), and 
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to react with triethylamine or ammonia to form [R3NH
+]2[2-TfO-B10H9
2–] and 
[R3NH
+]2[1-TfO-B10H9
2–] (R = H, Et).  
2.2 Experimental Section 
General Procedures.  Unless otherwise noted, all reactions and manipulations were 
performed in dry glassware under nitrogen atmospheres using the high-vacuum or inert-
atmosphere techniques as described by Shriver and Drezdzon.12  
Materials.  Phenylacetylene, trifluoromethylphenylacetylene, 3-phenyl-1-propyne, tert-
butyl propiolate, cyclohexylacetylene, 1,8-nonadiyne, 1-octyne, propargyl acetate, and 4-
bromo-1-butyne (Sigma-Aldrich) were used as received.  6-TfO-B10H13,
9,13
 6,9-(Me2S)2-
B10H12,
14 and 5-X-B10H13 (X = Cl, Br, I)
11 were prepared as previously described.  
[NH4
+]2[B10H10
2–] was prepared as previously described.15  1-Butyl-3-methylimidazolium 
trifluoromethanesulfonate [bmimOTf] (Fluka) was azeotropically dried by refluxing with 
toluene, followed by drying under high-vacuum at 100 oC and storage in a N2-filled dry 
box.  HPLC or ACS grade hexanes, triethylamine, pentane, ether, dichloromethane, 
dimethylsulfide, trifluoromethanesulfonate acid, 1,8-bis(dimethylamino)naphthalene 
(ProtonSponge, PS) and silica gel with mesh sizes of 230–400 (Fisher) were used as 
received.  C6D6 (D, 99.5%), CDCl3 (D, 99.9%) and CD2Cl2 (D, 99.9%) (Cambridge 
Isotope) were used as received.  Toluene (Fisher) was dried over sodium prior to use. 
Physical Measurements.  1H NMR at 400.1 MHz and 11B NMR spectra at 128.4 MHz 
were obtained on a Bruker DMX 400 spectrometer.  All 11B NMR chemical shifts are 
referenced to external BF3·OEt2 (0.00 ppm) with a negative sign indicating an upfield 
shift.  All 1H chemical shifts were measured relative to residual protons in the lock 
168 
 
solvents and are referenced to Me4Si (0.00 ppm).  High- and low-resolution mass spectra 
(HRMS and LRMS) using negative chemical ionization (NCI) or electrospray ionization 
(ESI) techniques were recorded on a Micromass Autospec Spectrometer or Waters GC-
TOF Premier respectively.  Infrared spectra were recorded on a Perkin-Elmer Spectrum 
100 FT-IR spectrometer using NaCl plates.  Elemental analyses were performed at the 
Microanalytical Laboratory, UC Berkeley.  Melting points were obtained on a standard 
melting point apparatus and are uncorrected. 
5-TfO-B10H13 (2.1).  Method A: Trifluoromethanesulfonic (triflic/TfOH) acid (5.8 mL, 
65.0 mmol) was added dropwise to a rapidly stirring solution of [NH4
+]2[B10H10
2–] (1.0 g, 
6.5 mmol) in bmimOTf (3 mL, 8.05 mmol) and the solution heated at 60 °C for 12 h.  
The mixture was extracted with hexanes (~300 mL) until the extracts showed no traces of 
product by 11B NMR.  The extracts were filtered to remove any solids and the solvent 
was vacuum-evaporated to give an off-white viscous liquid.  Two recrystallizations from 
pentane produced a white solid.  Crystals suitable for X-ray diffraction were obtained by 
slow evaporation of a hexane solution.   
For 2.1: 1.14 g (4.2 mmol, 64%), mp 28–29 °C, 11B NMR (128.4 MHz, CDCl3) (mult, 
JBH = Hz) 12.2 (d, 148), 11.6 (d, 153), 10.9 (d, 159), 9.3 (s), 7.3 (d, 157), 2.4 (d, 153), –
0.2 (d, 173), –4.8 (d, 161), –36.5 (d, 106), –37.2 (d, 113) ppm.  DFT/GIAO calculated 11B 
NMR shifts (assign) 13.3 (B3), 12.4 (B1), 8.6 (B5), 7.7 (B9), 4.5 (B6), 3.1 (B10), –1.1 
(B8), –4.5 (B7), –39.7 (B2/B4) ppm.  1H{11B} NMR (400.1 MHz, CDCl3) 4.1 (BH), 4.0 
(2 BH), 3.7 (BH), 3.3 (BH), 3.2 (BH), 3.0 (BH), 1.2 (BH), 0.7 (BH), 0.4 (BH), –1.4 (BH), 
–1.8 (BH), –2.0 (BH) ppm.  DFT/GIAO calculated 1H NMR shifts (assign) 5.22 (B1-H), 
169 
 
4.97 (B9-H), 4.95 (B3-H), 4.72 (B6-H), 4.43 (B10-H), 4.26 (B8-H), 4.16 (B7-H), 2.14 
(B2-H), 1.87 (B4-H), 0.74 (B5-H-B6), –0.97 (B9-H-B10), –1.41 (B6-H-B7), –1.77 (B8-
H-B9) ppm.  NCI HRMS: m/z calc for CH13B10O3F3S: 272.1482, found: 272.1468.  Anal.  
calcd: C: 4.44, H: 4.85; found: C: 4.53, H: 4.94.  IR (NaCl, cm–1): 3584 (w), 2591 (s), 
1901 (w), 1509 (m), 1400 (s), 1219 (s), 1146 (s), 1095 (s), 1037 (m), 995 (s), 953 (m), 
875 (m), 621 (s). 
Method B: Base Isomerization:  6-TfO-B10H13 (100 mg, 0.37 mmol) was reacted with 3µl 
(0.02 mmol) of triethylamine in toluene (5 mL) at room temperature for 1 h.  Toluene and 
triethylamine were vacuum-evaporated to give 70 mg (0.26 mmol, 70%) of 2.1.   
Method C: Thermal Isomerization in Toluene: When 6-TfO-B10H13 (50 mg, 0.19 mmol) 
was stirred in toluene (5 mL) at 55 °C, no reaction was observed after 30 h; however, 
when stirred at 85 °C for 36 h, 11B NMR analysis showed complete conversion to 5-TfO-
B10H13 (2.1).  The toluene was vacuum-evaporated to give 46 mg (0.17 mmol, 92% 
isolated yield) of 2.1. 
Thermal Isomerization in bmimOTf: 6-TfO-B10H13 (50 mg, 0.19 mmol) was stirred in 
bmimOTf (1 mL) or bmimOTf/HTfO at 55 °C for 36 h. The observed 5-TfO-B10H13 
products were extracted from the bmimOTf solutions with pentane and the pentane then 
vacuum-evaporated to give 39 mg (0.15 mmol, 78%) and 34 mg (0.13 mmol, 68%) of 
2.1, respectively.  
Method D:  After 6,9-(Me2S)2-B10H12 (150 mg, 0.61 mmol) was stirred in triflic acid (1 
mL, 11.30 mmol) at room temperature for 2 h, the mixture was extracted with pentane.  
The pentane was vacuum-evaporated to give 66 mg of 2.1 (0.25 mmol, 40%).   
170 
 
[PSH+][5-TfO-B10H12–] (2.1–).  A mixture of 5-TfO-B10H13 (40 mg, 0.15 mmol) and 
Proton Sponge (PS) (31.7 mg, 0.15 mmol) was reacted in CDCl3 (1 mL) at room 
temperature for 24 h. Based on NMR analysis, 2.1– was produced in 95% yield.  
For 2.1–: yellow oil, 11B NMR (128.4 MHz, CH2Cl) (mult, JBH = Hz) 11.6 (d, br), 10.1 
(s), –3.0 (d, 138), –9.0 (d, ~117), –11.4 (d, 144), –12.9 (d, br), –14.4 (d, ~159), –16.8 (d, 
138), –34.2 (d, 148), –49.3 (d, 149) ppm.  DFT/GIAO calculated 11B NMR shifts (assign) 
16.4 (B6), 15.4 (B5), 6.3 (B1), –5.8 (B8), –6.6 (B3), –9.3 (B10), –13.6 (B7), –13.9 (B9), 
–29.8 (B2), –47.5 (B4) ppm.  1H{11B} NMR (400.1 MHz, CDCl3) 8.72 (PS+-NHN), 
7.69–7.97 (4 CH), 3.97 (BH), 3.19 (4 CH3), 2.86 (BH), 2.80 (2 BH), 2.58 (BH), 2.37 (2 
BH), 0.71 (BH), 0.14 (BH, br), –2.47 (BH, br), – 3.08 (BH, br) ppm (the remaining BH 
resonance was not resolvable).  ESI HRMS: m/z calc for C14H19N2: 215.1548, found:  
215.1550; ESI HRMS: m/z calc for CH12B10O3F3S: 271.1390, found: 217.3192.  IR 
(NaCl, cm–1):  3207 (m), 2961 (w), 2540 (s), 1463 (m), 1370 (s), 1264 (s), 1201 (s), 1157 
(s), 1098 (m), 1031 (s), 980 (s), 912 (m), 859 (w), 831 (m), 767 (s), 733 (m), 638 (s).  
6-CH3O-B10H13 (2.2).  A mixture of 5-TfO-B10H13 (100 mg, 0.37 mmol) and methanol 
(30 mg, 0.93 mmol) was stirred at 70 °C in dichloroethane for 20 h.  After the solvent 
was vacuum-evaporated, the remaining solid was extracted with pentane.  The pentane 
was vacuum-evaporated to give 2.2 (45.0 mg, 0.30 mmol, 80%) as a white solid.  The 11B 
and 1H NMR spectra of 2.2 were consistent with those previously reported.16  
6-(4-CH3O-C6H4O)-B10H13 (2.3).  A mixture of 5-TfO-B10H13 (100 mg, 0.37 mmol) and 
4-methoxyphenol (50 mg, 0.40 mmol) was stirred at 70 °C in dichloroethane for 20 h.  
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After the solvent was vacuum-evaporated, the remaining solid was extracted with 
pentane.  The pentane was vacuum-evaporated to give 2.3 as a white solid. 
For 3: 69.1 mg, (0.31 mmol, 84%), mp 168–170 °C.  11B NMR (128.4 MHz, CH2Cl) 
(mult, JBH = Hz) 22.1 (s), 3.2 (d, 154, 3B), 1.4 (d, 155, 2B), –15.1 (d, 161, 2B), –33.9 (d, 
147), –44.8 (d, 137) ppm.  1H{11B} NMR (400.1 MHz, CD2Cl2) 6.85–7.26 (C6H4), 3.85 
(BH), 3.79 (CH3), 3.27 (2BH), 3.19 (2BH), 2.23 (2BH), 0.27 (2BH), –0.36 (2BH, br), –
1.77 (2BH, br) ppm.  NCI HRMS: m/z calc for C7H20B10O2: 246.2394, found: 246.2402.  
6,9-(C5H11)2-5-TfO-B10H11 (2.4).  A mixture of 5-TfO-B10H13 (150 mg, 0.55 mmol) and 
PtBr2 (20 mol%, 39.0 mg, 0.11 mmol) in 1-pentene (3 mL, 27.3 mmol) was stirred at 55 
°C for 2 days.  The platinum bromide was filtered off and the solvent vacuum-evaporated 
to give 2.4 as a white powder.  
For 2.4: 154.1 mg (0.37 mmol, 68%), mp 32–35 °C, 11B NMR (128.4 MHz, C6D6) (mult, 
JBH = Hz) 25.7 (s), 23.0 (s), 8.5 (d, 125), 6.7 (s), 6.6 (d, ~160), –0.47 (d, ~173), –2.3 (d, 
~157), –6.9 (d, ~129), –36.8 (d, 132), –37.5 (d, ~136) ppm.  DFT/GIAO calculated 11B 
NMR shifts (assign) 23.5 (B9), 18.9 (B6), 10.3 (B3), 9.5 (B5), 5.7 (B1), –0.4 (B10), –5.7 
(B8), –9.9 (B7), –39.5 (B2), –40.6 (B4) ppm.  1H{11B} NMR (400.1 MHz, C6D6) 4.14 
(BH), 3.85 (BH), 3.31 (BH), 2.96 (BH), 2.82 (BH), 1.54 (8 CH2), 1.16 (2 CH3), 0.77 
(BH, br), –1.17 (BH, br), –1.64 (2BH, br), –1.87 (BH, br) ppm (the remaining BH 
resonances were not resolvable).  DFT/GIAO calculated 1H NMR shifts (assign) 4.86 
(B1-H), 4.75 (B3-H), 4.45 (B10-H), 3.84 (B8-H), 3.80 (B7-H), 2.55 (CH2-H), 2.51 (CH2-
H), 2.47 (CH2-H), 2.41 (CH2-H), 2.36 (CH2-2H), 2.31 (CH2-H), 2.30 (CH2-H), 2.27 
(CH2-H), 2.23 (CH2-2H), 2.21 (CH2-2H), 2.16 (CH2-2H), 1.99 (CH3-2H), 1.88 (B4-H), 
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1.72 (CH3-2H), 1.71 (CH2-H), 1.69 (CH3-2H), 1.53 (CH2-H), 0.99 (B5-H-B6), –0.53 (B9-
H-B10), –0.97 (B6-H-B7), –1.22 (B8-H-B9) ppm.  NCI HRMS: m/z calc for 
C11H33B10O3F3S: 412.3033, found: 412.3002.  IR (NaCl, cm
–1): 3210 (w), 2959 (s), 2929 
(s), 2873 (m), 2861 (m), 2755 (s), 1924 (w), 1629 (w), 1466 (m), 1399 (s), 1247 (m), 
1216 (s), 1147 (s), 1102 (m), 1072 (m), 974 (m), 916 (m), 850 (w), 720 (w), 626 (m), 508 
(w).   
6,9-(C5H11)2-5-I-B10H11 (2.5).  A mixture of 5-I-B10H13 (100 mg, 0.39 mmol) and PtBr2 
(20 mol%, 27.7 mg, 0.08 mmol) in 1-pentene (3 mL, 27.3 mmol) was stirred at 55 °C for 
2 days.  The platinum bromide was filtered off and the solvent vacuum-evaporated to 
give 2.5 as a white powder.  Crystals were obtained by the slow evaporation of a hexanes 
solution.   
For 2.5: 76.6 mg (0.29 mmol, 76%), 11B NMR (128.4 MHz, D2O) (mult, JBH = Hz) 24.6 
(s, 2B), 10.9 (d, 186), 9.3 (d, 169), 1.2 (d, 144), –2.6 (d, 169), –4.2 (d, 173), –16.0 (s), –
34.7 (d, 163), –36.0 (d, 161) ppm.  1H{11B} NMR (400.1 MHz, CD2Cl2) 3.88 (BH), 3.25 
(2 BH), 3.10 (BH), 2.92 (BH), 1.58 (4 CH2), 1.38 (4 CH2), 1.06 (BH), 0.92 (2 CH3), 0.72 
(BH), –0.03 (BH, br), –0.97 (BH, br), –1.21 (BH, br), –1.34 (BH, br) ppm (the remaining 
BH resonances were not resolvable).  IR (NaCl, cm–1): 2956 (s), 2925 (s), 2870 (m), 2552 
(w), 1460 (m), 1377 (w), 1260 (m), 1088 (m), 800 (m). 
6,9-(Me2S)2-5-TfO-B10H11 (2.6).  After a stirred solution of 5-TfO-B10H13 (500 mg, 1.8 
mmol) and dimethylsulfide (3 mL, 4.1 mmol) in toluene (10 mL) was reacted at room 
temperature for 3 h, a white precipitate formed.  This solid was collected via filtration, 
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washed with toluene and dried in vacuo.  Crystals of 2.6 were obtained by the slow 
evaporation of a hexanes/dichloromethane solution.  
For 2.6: 508 mg (1.3 mmol, 70%), mp 69–72 °C, 11B NMR (128.4 MHz, CDCl3) (mult, 
JBH = Hz) –6.0 (d, ~122), –6.3 (s), –9.6 (d, 132), –22.9 (d, ~149), –24.8 (d, br), –26.1 (d, 
~175), –27.7 (d, ~179), –40.6 (d, 147), –44.9 (d, 143) ppm.  DFT/GIAO calculated 11B 
NMR shifts (assign) –2.8 (B2), –5.3 (B4), –5.8 (B5), –22.0 (B10), –22.3 (B7), –23.4 
(B8), –23.8 (B9), –25.0 (B6), –38.4 (B1), –44.8 (B3) ppm.  1H{11B} NMR (400.1 MHz, 
C6D6) 3.25 (2BH), 2.55 (BH), 2.44 (BH), 2.13 (2BH), 1.79 (CH3), 1.66 (CH3), 1.65 (BH), 
1.56 (CH3), 1.55 (CH3), 1.32 (BH), –0.14 (2BH), –1.42 (BH) ppm.  NCI HRMS: m/z calc 
for C5H24B10O3F3S3: 395.1772, found: 395.1770.  Anal.  calcd.: C: 15.26, H: 6.15; found: 
C: 15.72, H: 5.81.  IR (NaCl, cm–1): 3198 (w), 3022 (w), 2930 (w), 2536 (s), 1428 (m), 
1382 (s), 1246 (m), 1206 (s), 1153 (s), 1073 (m), 1035 (s), 988 (s), 960 (s), 930 (m), 637 
(m), 625 (m), 510 (m). 
Reaction of 6-TfO-B10H13 with dimethylsulfide.  The reaction of 6-TfO-B10H13 (80 mg, 
0.30 mmol) and 2.7 mL (3.0 mmol) of dimethylsulfide in toluene (5 mL) at room 
temperature for 24 h gave 6,9-(Me2S)2-B10H12 (20 mg, 0.08 mmol, 27%) along with 
~10% unreacted 6-TfO-B10H13. The 
11B spectrum of 6,9-(Me2S)2-B10H12 was consistent 
with that previously reported.17 
6,9-(Me2S)2-5-Cl-B10H11 (2.7).  After a stirred solution of 5-Cl-B10H13 (500 mg, 3.2 
mmol) and dimethylsulfide (3 mL, 4.1 mmol) in toluene (10 mL) was reacted at room 
temperature for 3 h, a white precipitate had formed.  This solid was collected via 
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filtration, washed with toluene and dried in vacuo.  Crystals of 2.7 were obtained by slow 
evaporation of a hexanes/dichloromethane solution.   
For 2.7: 650 mg (2.3 mmol, 73%), mp 129–132 °C, 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –2.7 (d, 137), –7.3 (d, 135), –9.0 (s), –20.7/–21.1 (d, br), –23.5 (d, 
~138), –24.4 (d, br), –25.2 (d, ~116), –38.0 (d, 150), –42.0 (d, 142) ppm.  DFT/GIAO 
calculated shifts 11B NMR (assign) 3.0 (B2), –3.5 (B4), –6.3 (B5), –20.7 (B10), –21.8 
(B7), –23.2 (B9), –23.7 (B8), –23.8 (B6), –38.1 (B1), –42.1 (B3) ppm.  1H{11B} NMR 
(400.1 MHz, CD2Cl2) 2.58 (BH), 2.46 (CH3), 2.48 (CH3), 2.48 (CH3), 2.53 (CH3), 2.00 
(BH), 1.78 (BH), 1.45 (BH), 0.54 (BH), 0.29 (BH), 0.09 (BH), 2.58 (BH), –0.24 (BH), –
0.34 (BH) ppm (the remaining BH resonances were not resolvable).  Anal.  calcd.: C: 
17.22, H: 8.31; found: C: 16.85, H: 7.95.  IR (NaCl, cm–1): 3218 (w), 3015 (w), 2926 (w), 
2525 (s), 1427 (s), 1331 (w), 1067 (w), 1037 (m), 991 (s), 924 (m), 847 (w), 736 (w). 
6,9-(Me2S)2-5-Br-B10H11 (2.8).  After a stirred solution of 5-Br-B10H13 (300 mg, 1.5 
mmol) and dimethylsulfide (3 mL, 4.1 mmol) in toluene (10 mL) was reacted at room 
temperature for 3 h, a white precipitate had formed.  This solid was collected via 
filtration, washed with toluene and dried in vacuo.  2.8 was isolated as a white powder.   
For 2.8: 366 mg (1.1 mmol, 76%),  mp 150–152 °C, 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –2.4 (d, 116), –6.7 (d, 136), –16.2 (s), –20.4 (d, 134, 2B), –22.5 (d, 
~199), –24.8 (d, br, 2B), –37.5 (d, 140), –41.9 (d, 154) ppm.  1H{11B} NMR (400.1 MHz, 
CD2Cl2) 2.76 (BH), 2.54 (2 CH3), 2.46 (2 CH3), 2.15 (BH), 1.98 (BH), 1.64 (BH), 0.85 
(BH), –0.30 (2BH), –0.44 (BH), –2.75 (BH) ppm (the remaining BH resonances were not 
resolvable).  Anal.  calcd.: C: 14.86, H: 7.17; found: C: 14.83, H: 7.11.  IR (NaCl, cm–1): 
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3012 (w), 2924 (w), 2526 (s), 1426 (s), 1331 (w), 1266 (w), 1078 (m), 1037 (m), 992 (s), 
924 (m), 898 (w), 832 (m), 804 (m), 765 (m), 735 (m), 701 (w), 672 (m), 644 (m), 606 
(w), 470 (m), 460 (m).   
6,9-(Me2S)2-5-I-B10H11 (2.9).  After a stirred solution of 5-I-B10H13 (300 mg, 1.2 mmol) 
and dimethylsulfide (3 mL, 4.1 mmol) in toluene (10 mL) was reacted at room 
temperature for 3 h, a white precipitate had formed.  This solid was collected via 
filtration, washed with toluene and dried in vacuo.  2.9 was isolated as a white powder.  
Crystals were obtained by slow evaporation of a hexanes/dichloromethane solution. 
For 2.9: 322 mg (0.87 mmol, 72%), mp 139–140 °C, 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –1.8 (d, 140), –5.3 (d, 141), –19.4 (d, ~188, 2B), –20.5 (d, br), –24.2 (d, 
130, 2B), –31.4 (s), –36.5 (d, 126), –41.4 (d, 163) ppm.  DFT/GIAO calculated 11B NMR 
shifts (assign) –7.2 (B2), –10.8 (B4), –17.5 (B5), –25.6 (B7), –25.8 (B10), –28.1 (B8), –
29.6 (B6), –30.4 (B9), –43.6 (B1), –48.8 (B3) ppm.  1H{11B} NMR (400.1 MHz, CD2Cl2) 
2.65 (BH), 2.55 (2 CH3), 2.46 (2 CH3), 2.22 (BH), 1.84 (BH), 1.77 (BH), 0.85 (BH), 0.28 
(BH), –0.22 (BH), –0.34 (2BH), –3.09 (2BH) ppm.  Anal.  calcd.: C: 12.97, H: 6.26; 
found: C: 12.34, H: 5.78.  IR (NaCl, cm–1): 3153 (m), 2905 (w), 2836 (w), 2520 (s), 2256 
(w), 1424 (s), 1412 (s), 1330 (w), 1190 (s), 1075 (w), 1035 (w), 990 (m), 946 (w), 921 
(w), 883 (w), 826 (w), 798 (w), 714 (m), 667 (m), 636 (m), 546 (m), 458 (w). 
General Procedure for the Syntheses of 1-R-4-X-1,2-C2B10H10, X = TfO (2.10–2.15), 
Cl (2.16), Br (2.17–2.18), and I (2.19–2.24).  A 100 mL Schlenk flask equipped with a 
stir bar was charged under N2 with 6,9-(Me2S)2-5-X-B10H11 (200 mg), alkyne (3 equiv.), 
and toluene (10 mL).  The flask was sealed and then submerged in an oil bath heated at 
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70 °C.  The stirred reaction was monitored by 11B NMR until all of the 6,9-(Me2S)2-5-X-
B10H11 was consumed (12–18 h).  The solvent and unreacted alkyne were vacuum-
evaporated and the resulting residue extracted with pentane until all product was 
removed.  The extracts were combined and the solvent vacuum-evaporated.  For 
compounds where X = I (2.19–2.24), the formation of two isomers were observed, which 
were then separated by silica gel column chromatography using hexanes or 
dichloromethane/hexanes eluent.  
1-C6H5-4-TfO-1,2-C2B10H10 (2.10).  6,9-(Me2S)2-5-TfO-B10H11 (200 mg, 0.51 mmol), 
phenylacetylene (3 equiv., 0.17 mL, 1.53 mmol), and 10 mL toluene. 
For 2.10: colorless oil, 107.6 mg (0.29 mmol, 57%), 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –0.6 (s), –3.6 (d, 155), –5.6 (d, 151), –11.1 (d, ~193, 2B), –12.6 (d, 
~160, 3B), –16.4 (d, ~177), –18.2 (d, br) ppm.  DFT/GIAO calculated 11B NMR shifts 
(assign) –1.1 (B4), –2.0 (B7), –5.2 (B12), –10.8 (B8), –11.7 (B5), –12.5 (B11), –15.2 
(B6), –17.2 (B9), –17.3 (B3), –19.3 (B10) ppm.   1H{11B} NMR (400.1 MHz, CD2Cl2) 
7.4–7.5 (C6H5), 3.99 (cage-CH), 3.10 (BH), 2.86 (BH), 2.67 (2BH), 2.58 (BH), 2.40 
(BH), 2.27 (2BH), 2.22 (BH) ppm.  NCI HRMS: m/z calc for C9H15B10O3F3S: 370.1625, 
found: 370.1631.  IR (NaCl, cm–1): 3290 (m), 3027 (m), 2557 (s), 1603 (w), 1495 (m), 
1445 (m), 1413 (m), 1213 (s), 1151 (m), 1030 (w), 997 (m), 937 (w), 815 (w), 758 (s), 
731 (s), 693 (s), 618 (w). 
1-CF3C6H4-4-TfO-1,2-C2B10H10 (2.11).  6,9-(Me2S)2-5-TfO-B10H11 (200 mg, 0.51 
mmol), trifluoromethylphenylacetylene (3 equiv., 0.23 mL, 1.53 mmol), and 10 mL 
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toluene.  Single crystals were obtained from slow evaporation of a pentane solution at –
20 °C.  
For 2.11: colorless oil, 118.4 mg (0.27 mmol, 53%). 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) 0.9 (s), –1.7 (d, ~176), –3.6 (d, br), –9.0 (d, ~124), –11.0 (d, ~139, 2B), 
–11.9 (d, ~116, 2B), –15.0 (d, ~173), –17.0 (d, ~175) ppm.  DFT/GIAO calculated 11B 
NMR shifts (assign) –0.9 (B4), –1.8 (B7), –4.2 (B12), –11.0 (B8), –11.6 (B5), –12.6 
(B11), –16.0 (B6), –17.0 (B3), –17.4 (B9), –19.5 (B10) ppm.  1H{11B} NMR (400.1 
MHz, CD2Cl2) 7.6–7.7 (C6H4), 4.15 (cage-CH), 3.08 (BH), 2.86 (BH), 2.80 (BH), 2.64 
(BH), 2.55 (BH), 2.40 (BH), 2.27 (2BH) ppm (the remaining BH resonance was not 
resolvable).  NCI HRMS: m/z calc for C10H14B10O3F6S: 438.1498, found: 438.1496.  IR 
(NaCl, cm–1): 3073 (w), 2597 (m), 1617 (m), 1411 (s), 1390 (s), 1219 (s), 1171 (s), 1135 
(s), 1068 (s), 1020 (m), 989 (m), 924 (m), 848 (s), 616 (m). 
1-C6H11-4-TfO-1,2-C2B10H10 (2.12).  6,9-(Me2S)2-5-TfO-B10H11 (200 mg, 0.51 mmol), 
cyclohexylacetylene (3 equiv., 0.20 mL, 1.53 mmol), and 10 mL toluene. 
For 2.12: colorless oil, 120.9 mg (0.32 mmol, 63%), 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –0.7 (s), –4.5 (d, ~175), –5.9 (d, ~156), –11.0 (d, ~164), –12.5 (d, 172, 
3B), –16.4 (d, 173, 2B), –19.1 (d, ~147) ppm.  DFT/GIAO calculated 11B NMR shifts 
(assign) –2.1 (B4), –3.6 (B7), –6.2 (B12), –10.9 (B8), -12.7 (B5), –14.7 (B3), –15.8 (B6), 
–17.6 (B9), –19.0 (B10) ppm.  1H NMR (400.1 MHz, CD2Cl2) 3.79 (cage-CH), 0.88–2.36 
(C6H11) ppm.  NCI HRMS: m/z calc for C9H21B10O3F3S: 376.2094, found: 376.2131.  IR 
(NaCl, cm–1): 2926 (s), 2853 (m), 2559 (s), 1449 (w), 1383 (s), 1247 (m), 1207 (s), 1153 
(s), 1083 (w), 1040 (w), 1000 (w), 619 (w). 
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1-CH3(CH2)5-4-TfO-1,2-C2B10H10 (2.13).  6,9-(Me2S)2-5-TfO-B10H11 (200 mg, 0.51 
mmol), 1-octyne (3 equiv., 0.23 mL, 1.53 mmol), and 10 mL toluene. 
For 2.13: colorless oil, 94.7 mg (0.26 mmol, 51%), 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –1.0 (s), –4.0 (d, 159), –7.0 (d, 149), –12.5 (d, br, 4B), –14.8 (d, ~140), 
–16.1 (d, ~171), –19.1 (d, ~186) ppm.  1H NMR (400.1 MHz, CD2Cl2) 3.80 (cage-CH), 
1.3 (5 CH2), 0.8 (CH3) ppm.  NCI HRMS: m/z calc for C8H21B10F3O3S: 364.2094, found: 
364.2098.  IR (NaCl, cm–1): 3301 (s), 3025 (m), 2930 (s), 2861 (m), 2557 (s), 2116 (w), 
1634 (m), 1383 (m), 1211 (m), 1153 (m), 1030 (m), 998 (m), 735 (m), 697 (w), 638 (m). 
1-CH3COOCH2-4-TfO-1,2-C2B10H10 (2.14).  6,9-(Me2S)2-5-TfO-B10H11 (200 mg, 0.51 
mmol), propargyl acetate (3 equiv., 0.15 mL, 1.53 mmol), and 10 mL toluene.  
For 2.14: colorless oil, 98.9 mg (0.27 mmol, 53%), 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –0.8 (s), –3.1 (d, 156), –5.3 (d, 156), –12.1 (d, ~131, 3B), –13.7 (d, 
~123, 2B), –15.6 (d, ~128), –18.7 (d, 139) ppm.  DFT/GIAO calculated 11B NMR shifts 
(assign) –1.9 (B4), –4.8 (B8), –5.1 (B12), –9.9 (B7), –11.9 (B9), –14.2 (B3), –14.7 (B5), 
–17.4 (B11), –18.3 (B6), –20.2 (B10) ppm.  1H{11B} NMR (400.1 MHz, CD2Cl2) 4.05 
(cage-CH), 4.76 (CH2), 2.70 (BH), 2.60 (BH), 2.49 (BH), 2.38 (2BH), 2.32 (BH), 2.16 
(CH3) ppm (the remaining BH resonances were not resolvable).  NCI HRMS: m/z calc for 
C6H15B10O5F3S: 366.1523, found: 366.1597.  IR (NaCl, cm
–1): 3067 (w), 2599 (m), 1758 
(m), 1410 (m), 1367 (w), 1290 (s), 1148 (s), 1110 (w), 1054 (w), 1000 (w), 926 (w), 858 
(w), 616 (m). 
1-BrCH2CH2-4-TfO-1,2-C2B10H10 (2.15).  6,9-(Me2S)2-5-TfO-B10H11 (200 mg, 0.51 
mmol), 4-bromo-1-butyne (3 equiv., 0.14 mL, 1.53 mmol), and 10 mL toluene.  
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For 2.15: colorless oil, 106.1 mg (0.27 mmol, 52%), 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –1.0 (s), –3.3 (d, 155), –5.8 (d, 145), –11.4 (d, ~135), –12.1 (d, ~118, 
2B), –12.9 (d, ~152), –14.7 (d, ~163), –15.5 (d, ~164), –18.7 (d, 164) ppm. 1H{11B} 
NMR (400.1 MHz, CDCl3) 4.01 (cage-CH), 3.05 (CH2), 2.90 (CH2), 2.72 (BH), 2.63 
(BH), 2.53 (BH), 2.45 (BH), 2.33 (BH), 2.28 (BH), 2.15 (2BH) ppm (the remaining BH 
resonance was not resolvable).  NCI HRMS: m/z calc for C5H14B10O3F3SBr: 400.0730, 
found: 400.0759.  Anal.  calcd: C: 17.51, H: 4.10; found: C: 17.89, H: 4.67.  IR (NaCl, 
cm–1): 3064 (w), 2928 (m), 2591 (s), 2259 (w), 1635 (m), 1407 (s), 1216 (s), 1150 (s), 
1001 (m), 924 (m), 857 (m), 731 (w), 615 (m). 
1-C6H5-4-Cl-1,2-C2B10H10 (2.16). 6,9-(Me2S)2-5-Cl-B10H11 (200 mg, 0.72 mmol), 
phenylacetylene (3 equiv., 0.24 mL, 2.16 mmol), and 10 mL toluene. 
For 2.16: colorless oil, 71.3 mg (0.28 mmol, 39%), 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) 0.8 (d, ~173), –2.6 (s), –4.5 (d, ~135), –6.8 (d, ~127), –8.9 (d, ~170), –
11.7 (d, ~170, 2B), –12.9 (d, ~178), –15.5 (d, ~161), –17.0 (d, ~124) ppm.  DFT/GIAO 
calculated 11B NMR shifts (assign) 1.5 (B4), –0.8 (B7), –4.6 (B12), –9.8 (B8), –11.4 
(B5), –12.2 (B11), –13.6 (B6), –16.1 (B3), –16.9 (B9), –18.2 (B10) ppm.  1H NMR 
(400.1 MHz, CD2Cl2) 7.64–8.00 (C6H5), 3.38 (cage-CH) ppm.  NCI HRMS: m/z calc for 
C8H15B10Cl: 256.1793 found: 256.1786.  IR (NaCl, cm
–1): 3061 (w), 2927 (w), 2579 (s), 
1599 (w), 1495 (m), 1448 (m), 1261 (m), 1160 (w), 1034 (m), 958 (m), 924 (w), 861 (w), 
846 (w), 802 (m), 754 (w), 690 (m). 
1-C6H5-4-Br-1,2-C2B10H10 (2.17).  6,9-(Me2S)2-5-Br-B10H11 (200 mg, 0.62 mmol), 
phenylacetylene (3 equiv., 0.20 mL, 1.86 mmol), and 10 mL toluene. 
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For 2.17: colorless oil, 105.7 mg (0.35 mmol, 57%), 11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –3.1 (d, 175), –4.3 (d, ~157), –6.2 (d, ~145), –9.4 (s), –10.2 (d, ~173), –
11.6 (d, ~141), –12.8 (d, ~117, 2B), –16.8 (d, ~165), –17.8 (d, ~103) ppm.  1H NMR 
(400.1 MHz, CD2Cl2) 7.38–7.59 (C6H5), 4.36 (cage-CH) ppm.  NCI HRMS: m/z calc for 
C8H15B10Br: 300.1288, found: 300.1311.   
1-CF3C6H4-4-Br-1,2-C2B10H10 (2.18).  6,9-(Me2S)2-5-Br-B10H11 (200 mg, 0.62 mmol), 
trifluoromethylphenylacetylene (3 equiv., 0.30 mL, 1.86 mmol), and 10 mL toluene. 
For 2.18: colorless oil, 106.9 mg (0.29 mmol, 47%), 11B NMR (128.4 MHz, CDCl3) 
(mult, JBH = Hz) –1.1 (d, 153), –2.2 (d, 151), –3.6 (d, ~138), –7.8 (d, 154), –9.8 (s), –10.7 
(d, ~142, 3B), –15.3 (d, ~186, 2B) ppm.  1H NMR (400.1 MHz, CDCl3) 7.17–7.71 
(C6H4), 4.06 (cage-CH) ppm.  NCI HRMS: m/z calc for C9H14B10F3Br: 368.1206, found: 
368.1205.  IR (NaCl, cm–1): 2577 (m), 1616 (w), 1411 (w), 1326 (s), 1167 (m), 1125 (m), 
1068 (m), 1018 (w), 849 (w). 
1-Ph-4-I-C2B10H10 and 2-Ph-4-I-C2B10H10 (Ambiguous assignments: 2.19 and 2.20).  
6,9-(Me2S)2-5-I-B10H11 (200 mg, 0.54 mmol), phenylacetylene (3 equiv., 0.18 mL, 1.62 
mmol), and 10 mL toluene. 
For 2.19: colorless oil, 64.2 mg (0.20 mmol, 34%).  11B NMR (128.4 MHz, CD2Cl2) 
(mult, JBH = Hz) –0.3 (d, 150), –1.5 (d, 131), –4.8 (d, br), –7.0 (d, br), – 10.9 (d, 3B, br), 
–13.8 (d, 2B, ~105), –22.6 (s) ppm.  1H NMR (400.1 MHz, CD2Cl2) 7.30–7.53 (C6H5), 
4.06 (cage-CH) ppm.  NCI LRMS: m/z calc for C8H15B10I: 348.1149, found: 348.1925. 
For 2.20: colorless oil 32.2 mg (0.11 mmol, 23%), 11B NMR (128.4 MHz, CD2Cl2) (mult, 
JBH = Hz) –1.5 (d, 139), –2.5 (d, 140), –4.8 (d, 131), –11.2 (d, ~175), –13.2 (d, 3B, br), –
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13.8 (d, 2B, br), –27.0 (s) ppm.  1H NMR (400.1 MHz, CD2Cl2) 7.32–7.50 (C6H5), 4.31 
(cage-CH) ppm.  NCI HRMS: m/z calc for C8H15B10I: 348.1149, found: 348.1167.  IR 
(NaCl, cm–1): 3058 (s), 3025 (s), 2966 (m), 2925 (s), 2555 (s), 1954 (w), 1884 (w), 1692 
(m), 1599 (s), 1494 (s), 1450 (s), 1423 (s), 1265 (s), 1178 (m), 1075 (m), 1029 (m), 1001 
(m), 921 (m), 830 (m), 737 (s), 701 (s). 
1-PhCH2-4-I-1,2-C2B10H10 and 2-PhCH2-4-I-1,2-C2B10H10 (Ambiguous assignments: 
2.21 and 2.22).  6,9-(Me2S)2-5-I-B10H11 (200 mg, 0.54 mmol), 3-phenyl-1-propyne (3 
equiv., 0.20 mL, 1.62 mmol), and 10 mL toluene. 
For 2.21: colorless oil, 89.1 mg (0.25 mmol, 46%).  11B NMR (128.4 MHz, CD2Cl2) 
(mult) –1.0 (d, ~130), –4.8 (d, ~113), –7.4 (d, ~126), –9.2 (d, 2B, br), –13.7 (d, br), –15.4 
(d, 3B, br), –22.6 (s) ppm.  1H{11B} NMR (400.1 MHz, CD2Cl2) 7.20–7.39 (C6H5), 
3.63/3.91 (CH2), 3.24 (cage-CH), 2.77 (BH), 2.63 (BH), 2.54 (BH), 2.50 (BH), 2.41 
(BH), 2.29 (BH), 2.23 (2BH), 2.04 (BH)  ppm.  NCI LRMS: m/z calc for C9H17B10I: 
362.1306, found: 362.1577.  IR (NaCl, cm–1): 3059 (m), 3030 (m), 2963 (m), 2586 (s), 
1602 (w), 1495 (m), 1454 (m), 1261 (s), 1028 (s), 938 (m), 826 (s), 759 (s), 701 (s). 
For 2.22: colorless oil, 10.0 mg (0.03 mmol, 5%).  NCI HRMS: m/z calc for C9H17B10I: 
362.1306, found: 362.1306.  In reaction mixture singlet in 11B NMR spectra present at –
27.4 ppm. Not enough product isolated for complete characterization. 
1-(tBu)OOCCH2-4-I-1,2-C2B10H10 and 2-(tBu)OOCCH2-4-I-1,2-C2B10H10 
(Ambiguous assignments: 2.23 and 2.24).  6,9-(Me2S)2-5-I-B10H11 (200 mg, 0.54 
mmol), tert-butyl propiolate (3 equiv., 0.22 mL, 1.62 mmol), and 10 mL toluene. 
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For 2.23: colorless oil, 96.4 mg (0.26 mmol, 48%), 11B NMR (128.4 MHz, CD2Cl2) 
(mult) –4.5 (d, ~150), –8.1 (d, ~145), –10.8 (d, 2B, br), –12.8 (d, 2B, br), –15.8 (d, 3B, 
br), –27.5 (s) ppm.  1H NMR (400.1 MHz, CD2Cl2 ppm) 4.05 (cage-CH), 0.97 (3 CH3) 
ppm.  NCI HRMS: m/z calc for C6H19B10IO2: 372.1360, found: 372.1354.  
For 2.24:  colorless oil, 38.6 mg (0.10 mmol, 19%).  11B NMR (128.4 MHz, CD2Cl2) 
(mult) –3.6 (d, ~115), –8.9 (d, ~132), –12.2 (d, 2B, br), –13.9 (d, 3B, br), 17.1 (d, 2B, br), 
–29.5 (s) ppm.  1H{11B} NMR (400.1 MHz, CD2Cl2) 4.28 (cage-CH), 0.95 (3 CH3) ppm.  
NCI HRMS: m/z calc for C6H19B10IO2: 372.1360, found: 372.1356. Anal. calcd.: C: 
22.71, H: 5.17; found: C: 20.52, H: 5.34.  IR (NaCl, cm–1): 2928 (w), 2584 (s), 1739 (s), 
1372 (m), 1293 (s), 1149 (s), 818 (w). 
 
Reaction of 5-TfO-B10H13 with 3-hexyne in bmimCl/Toluene.  A mixture of 5-TfO-
B10H13 (150 mg, 0.56 mmol) and 300 mg (3.7 mmol) of 3-hexyne in a biphasic toluene (5 
mL)/bmimCl (100 mg, 0.57 mmol) was reacted at 120 °C for ∼7 min.  The toluene layer 
was removed and vacuum-evaporated to give 1,2-Et2-1,2-C2B10H10 (72.8 mg, 0.35 mmol, 
65%).  The 11B and 1H NMR spectra were consistent with those previously reported.18  
NCI HRMS: m/z calc C6B10H20: 202.2802; found: 202.2819. 
General Synthesis of X-B10H92–, X = TfO (2.25–2.28), Cl (2.29), Br (2.30), and I 
(2.31).  A 100 mL Schlenk flask equipped with a stir bar was charged under N2 with 6,9-
(Me2S)2-5-X-B10H11 (200 mg) and dichloromethane (5 mL).  Excess (0.5 mL) 
triethylamine or liquid ammonia (condensed at 77K) was added and the solution stirred 
overnight.  Vacuum-evaporation of the solvent left [R3NH
+]2[X-B10H9
2–].  For the 
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reaction with X = TfO two isomeric products were obtained. The [1-TfO-B10H9
2–] was 
selectively precipitated out of dichloromethane at –78 °C. 
[Et3NH+]2[1-TfO-B10H92–] (2.25) and [Et3NH+]2[2-TfO-B10H92–] (2.26).  6,9-(Me2S)2-
5-TfO-B10H11 (200 mg, 0.51 mmol), NEt3 (0.1 mL, 0.72 mmol), and 5 mL 
dichloromethane.   
For 2.25: 72.2 mg (0.15 mmol, 30%).  11B NMR (128.4 MHz, D2O) (mult, JBH = Hz) 19.7 
(s), –8.6 (d, 138), –32.5 (d, 8B, ~130) ppm.  DFT/GIAO calculated 11B NMR shifts 
(assign) 20.8 (B1), –6.6 (B10), –29.1 (B5), –29.5 (B3), –29.9 (B4), –30.4 (B2), –33.0 
(B9), –33.4 (B7), –35.0 (B6), –35.8 (B8) ppm.  1H{11B} NMR (400.1 MHz, D2O) 4.96 (2 
NH), 3.25 (BH), 3.16 (6 CH2), 1.34 (6 CH3), 1.11 (2 BH), 0.55 (2 BH), 0.32 (2 BH), 0.04 
(2 BH) ppm.  DFT/GIAO calculated 1H NMR shifts (assign) 3.18 (B11), 0.88 (B5-H), 
0.73 (B4-H), 0.72 (B8-H), 0.22 (B9-H), 0.21 (B7-H), 0.20 (B8-H), 0.18 (B6-H) ppm.  
Anal. calcd: C: 33.18, H: 8.78, N: 5.95; found: C: 31.22, H: 8.50, N: 5.49. 
For 2.26: 154.0 mg (0.33 mmol, 64%), 11B NMR (128.4 MHz, CD3CN) (mult, JBH = Hz) 
–1.1 (s), –2.2 (d, 140), –5.2 (d, 149), –23.5 (d, ~167), –24.8 (d, ~169), –28.7 (d, ~140, 
2B), –31.4 (d, ~105, 3B) ppm.  DFT/GIAO calculated 11B NMR shifts (assign) 1.5 (B2), 
–0.5 (B10), –10.6 (B1), –25.0 (B7/B8), –26.2 (B5), –28.2 (B3), –31.8 (B6), –31.9 (B9), –
34.1 (B4) ppm.  1H{11B} NMR (400.1 MHz, D2O) 5.39 (2 NH), 3.37 (BH), 3.20 (BH), 
3.11 (6 CH2), 1.20 (6 CH3), 1.10 (BH), 0.61 (BH), 0.54 (2BH), 0.31 (2BH), 0.17 (BH), 
0.15 (BH) ppm.  ESI HRMS: m/z calc for H9C1B10F3SO3: 266.1229, found: 266.0788.  
Anal. calcd: C: 33.18, H: 8.78, N: 5.95; found: C: 31.73, H: 8.56, N: 5.56.  IR (NaCl, cm–
1): 3539 (m), 3066 (m), 2989 (m), 2952 (w), 2888 (w), 2848 (w), 2812 (w), 2719 (w), 
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1623 (w), 1473 (m), 1400 (m), 1365 (m), 1287 (s), 1244 (s), 1225 (s), 1201 (s), 1159 (s), 
1082 (w), 1062 (w), 1031 (s), 988 (s), 896 (w), 837 (w), 793 (w), 756 (w), 736 (w), 639 
(s), 620 (m), 601 (w), 573 (w), 567 (w), 536 (w), 516 (m). 
[NH4+]2[1-TfO-B10H92–] (2.27) and [NH4+]2[2-TfO-B10H92–] (2.28).  6,9-(Me2S)2-5-
TfO-B10H11 (200 mg, 0.51 mmol), NH3 (~1 mL), and 5 mL dichloromethane.  Crystals of 
2.27 were obtained from water by slow evaporation. 
For 2.27: 60 mg (0.20 mmol, 40%), the 11B NMR spectrum was identical to that observed 
for 2.25.  1H NMR (400.1 MHz, D2O) 8.8 (2 NH4) ppm. IR (NaCl, cm
–1): 3063 (m), 2480 
(s), 2359 (s), 1292 (s), 1246 (s), 1170 (s), 1032 (s). ESI LRMS: m/z calc for 
H9B10O3SCF3: 268.1155, found: 268.1163. 
For 2.28: 79 mg (0.26 mmol, 52%), the 11B NMR spectrum was identical to that observed 
for 2.26.  1H{11B} NMR (400.1 MHz, D2O) 7.1 (2 NH4), 3.48 (BH), 3.32 (BH), 3.27 
(BH), 1.24 (BH), 0.72 (BH), 0.66 (BH), 0.42 (BH), 0.19 (BH), 0.05 (BH) ppm. 
[Et3NH+]2[2-Cl-B10H92–] (2.29).  6,9-(Me2S)2-5-Cl-B10H11 (200 mg, 0.72 mmol), NEt3 
(0.1 mL, 0.72 mmol), and 5 mL dichloromethane. 
For 2.29: 182 mg (0.64 mmol, 89%), the 11B NMR spectrum was identical to previously 
reported for [2-Cl-B10H9
2–].19  1H{11B} NMR (400.1 MHz, D2O) 4.90 (2 NH), 3.19 (BH), 
3.07 (6 CH2), 1.15 (6 CH3), 0.91 (BH), 0.42 (2BH), 0.22 (BH), 0.08 (BH), –0.14 (BH) 
ppm (the remaining BH resonances were not resolvable).  ESI HRMS: m/z calc for 
H9B10Cl: 154.1495, found: 154.1424. Anal. calcd.: C: 40.36, H: 11.57, N: 7.84; found: C: 
39.92, H: 11.21, N: 7.28.  IR (NaCl, cm–1): 3446 (m), 3056 (m), 2983 (m), 2850 (w), 
2782 (w), 2685 (w), 2469 (s), 1732 (w), 1621 (w), 1512 (m), 1462 (m), 1398 (m), 1360 
185 
 
(w), 1294 (w), 1260 (w), 1233 (w), 1174 (w), 1157 (w), 1111 (w), 1061 (w), 1028 (m), 
943 (w), 897 (w), 898 (w), 793 (m), 733 (w). 
[Et3NH+]2[2-Br-B10H92–] (2.30).  6,9-(Me2S)2-5-Br-B10H11 (200 mg, 0.62 mmol), NEt3 
(0.1 mL, 0.72 mmol), and 5 mL dichloromethane.   
For 2.30: 189 mg (0.58 mmol, 93%), the 11B NMR spectrum was identical to previously 
reported for [2-Br-B10H9
2–].19  1H{11B} NMR (400.1 MHz, D2O) 4.79 (2 NH), 3.49 (BH), 
3.25 (6 CH2), 1.33 (6 CH3), 1.06 (2BH), 0.63 (BH), 0.45 (3BH), 0.29 (BH), 0.10 (BH) 
ppm.  ESI HRMS: m/z calc for H9B10Br: 197.0749, found: 197.0740.  IR (NaCl, cm
–1) 
3387 (s), 2980 (s), 2679 (m), 2468 (s), 1634 (m), 1567 (m), 1471 (s), 1397 (s), 1160 (w), 
1035 (m), 805 (m). 
[Et3NH+]2[2-I-B10H92–] (2.31) 6,9-(Me2S)2-5-I-B10H11 (200 mg, 0.54 mmol), NEt3 (0.1 
mL, 0.72 mmol), and 5 mL dichloromethane.   
For 2.31: 185 mg (0.49 mmol, 91%), the 11B NMR spectrum was identical to previously 
reported for [2-I-B10H9
2–].19,20   1H{11B} NMR (400.1 MHz, D2O) 5.11 (2 NH), 3.75 
(BH), 3.47 (3 CH2), 3.37 (BH), 3.30 (BH), 3.09 (3 CH2), 1.39 (6 CH3), 0.80 (BH), 0.48 
(BH), 0.40 (BH), 0.17 (BH), 0.01 (BH) ppm (the remaining BH resonances were not 
resolvable). Anal. calcd.: C: 35.14, H:9.21, N: 6.24; found: C: 35.53, H: 8.66, N: 6.08.  
IR (NaCl, cm–1) 3390 (s), 2964 (m), 2680 (w), 2470 (m), 1634 (w), 1471 (m), 1397 (m), 
1261 (m), 1157 (w), 1018 (s), 801 (s).   
Collection and Reduction of the Data.  Crystallographic data and structure refinement 
information are summarized in  
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Table 2.1.  X-ray intensity data for 2.1 (Penn3379), 2.5 (Penn3396), 2.6 (Penn3411), 2.7 
(Penn3429), 2.9 (Penn3436), 2.11 (Penn3432), and 2.27 (Penn3403) were collected on a 
Bruker APEXII CCD area detector employing graphite-monochromated Mo-Ka 
radiation.  Preliminary indexing was performed from a series of thirty-six 0.5° rotation 
frames with exposures of 10 seconds.  Rotation frames were integrated using SAINT,21 
producing a listing of unaveraged F2 and σ(F2) values which were then passed to the 
SHELXTL program package22 for further processing and structure solution.  All 
reflections were used during refinement.  Non-hydrogen atoms were refined 
anisotropically, cage hydrogen atoms were refined isotropically, and all other hydrogen 
atoms were refined using a riding model. 
 
Table 2.1.  Crystallographic data. 
 2.1: 5-TfO-
B10H13 
2.5: 5-I-6,9-
(C5H11)2-B10H11 
2.6: 6,9-(Me2S)2-
5-TfO-B10H11 
empirical formula 
 
CB10H13SO3F3 C10B10H33I C5B10H23S3O3F3 
formula weight 
 
270.27 388.36 392.51 
crystal class 
 
monoclinic triclinic orthorhombic 
space group 
 
P21/n 
P1
_
  
Pca21 
Z 
 
24 2 8 
a, Å 
 
26.5714(13) 8.9773(6) 10.4320(6) 
b, Å 
 
10.1418(4) 9.1710(6) 33.6664(18) 
c, Å 
 
30.0836(13) 13.2526(9) 11.2227(6) 
, deg 
 
 106.352(2)  
187 
 
β, deg 
 
107.240(2) 108.944(2)  
, deg 
 
 90.169(2)  
V, Å3 
 
7742.7(6) 984.89(11) 3941.5(4) 
Dcalc, g/cm
3 
 
1.391 1.310 1.323 
μ, mm–1 
 
2.445 1.611 0.403 
λ, Å (Mo–Kα) 
 
1.54178 0.71073 0.71073 
crystal size, mm 
 
0.42 x 0.28 x 0.16 0.28 x 0.10 x 0.04 0.35 x 0.28 x 0.12 
F(000) 
 
3264 392 0.403 
2ϴ angle, deg 
 
5.28–66.82 3.40–54.94 3.62–55.02 
temperature, K 
 
100(1) 143(1) 143(1) 
hkl collected –30  h  28 
0  k  11 
0  l  35 
 
–10  h  11 
–11  k  11 
–17  l  15 
 
–13  h  13 
–43  k  43 
–14  l  14 
 
no.  meas reflns 
 
80345 22480 73432 
no. unique reflns 
 
12977 
[Rint = 0.0434] 
 
4387  
[Rint = 0.0305] 
 
9038 
[Rint = 0.0237] 
 
no.  parameters 
 
1287 237 530 
Ra indices (F>2σ) R1 = 0.0403, 
wR2 = 0.1075 
 
R1 = 0.0238,  
wR2 = 0.0614 
 
R1 = 0.0278, 
wR2 = 0.0714 
 
Ra indices  
(all data) 
R1 = 0.0468, 
wR2 = 0.1121 
 
R1 = 0.0273,  
wR2 = 0.0634 
 
R1 = 0.0293, 
wR2 = 0.0736 
 
GOFb 
 
1.040 1.248 1.085 
final difference  
peaks, e/Å3 
0.495, –0.306 2.019, –0.634 
 
0.410, –0.319 
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Table 2.1 (cont).  Crystallographic data. 
 2.7: 6,9-(Me2S)2-
5-Cl-B10H11 
2.9: 6,9-(Me2S)2-
5-I-B10H11 
empirical formula 
 
C4B10H23S2Cl C4B10H23S2I 
formula weight 
 
278.89 370.34 
crystal class 
 
monoclinic monoclinic 
space group 
 
P21/c P21/c 
Z 
 
4 4 
a, Å 
 
11.9557(11) 11.9463(4) 
b, Å 
 
10.9080(10) 10.8727(4) 
c, Å 
 
12.6111(11) 12.8813(4) 
, deg 
 
  
β, deg 
 
99.836(4) 102.539(2) 
, deg 
 
  
V, Å3 
 
1620.5(3) 1633.23(10) 
Dcalc, g/cm
3 
 
1.143 1.506 
μ, mm–1 
 
0.461 2.185 
λ, Å (Mo–Kα) 
 
0.71073 0.71073 
crystal size, mm 
 
0.32 x 0.30 x 0.08 0.32 x 0.22 x 0.03 
F(000) 
 
584 728 
2ϴ angle, deg 
 
3.46–50.80 3.50–55.08 
temperature, K 
 
143(1) 100(1) 
hkl collected –14  h  14 
–13  k  13 
–15  h  15 
–14  k  14 
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–15  l  15 
 
–16  l  16 
 
no.  meas reflns 
 
40378 55923 
no. unique reflns 
 
2980 
[Rint = 0.0204] 
 
3754 
[Rint = 0.0220] 
 
no. parameters 
 
175 247 
Ra indices (F>2σ) 
 
R1 = 0.0499, 
wR2 = 0.1471 
 
R1 = 0.0120, 
wR2 = 0.0321 
 
Ra indices  
(all data) 
R1 = 0.0516, 
wR2 = 0.1491 
 
R1 = 0.0125, 
wR2 = 0.0325 
 
GOFb 
 
1.074 1.028 
final difference 
peaks, e/Å3 
1.204, –0.491 0.569, –0.280 
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Table 2.1 (cont).  Crystallographic data. 
 2.11: 1-(CF3C6H4)-
4-TfO-1,2-C2B10H10 
2.27: [NH4+]2[1-
TfO-B10H92–] 
empirical formula 
 
C10B10H14SO3F6 C3B30H61N6S3O14F9 
formula weight 
 
436.37 997.06 
crystal class 
 
monoclinic Monoclinic 
space group 
 
P21/c C2/c 
Z 
 
4 8 
a, Å 
 
20.455(2) 30.8501(10) 
b, Å 
 
8.4276(9) 9.0825(3) 
c, Å 
 
11.1528(13) 35.4674(11) 
, deg 
 
  
β, deg 
 
102.767(6) 105.777(2) 
, deg 
 
  
V, Å3 
 
1875.1(3) 9563.4(5) 
Dcalc, g/cm
3 
 
1.546 1.385 
μ, mm–1 
 
0.241 0.243 
λ, Å (Mo–Kα) 
 
0.71073 0.71073 
crystal size, mm 
 
0.28 x 0.05 x 0.02 0.40 x 0.06 x 0.05 
F(000) 
 
872 4096 
2ϴ angle, deg 
 
4.08–55.12 3.10–50.12 
temperature, K 
 
143(1) 143(1) 
hkl collected –26  h  26 
–10  k  10 
–36  h  36 
–10  k  10  
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–14  l  14 
 
–42  l  42 
 
no.  meas reflns 
 
50457 53836 
no. unique reflns 
 
4313 
[Rint = 0.0709] 
 
8471  
[Rint = 0.0371] 
 
no. parameters 
 
272 728 
Ra indices (F>2σ) R1 = 0.0541,  
wR2 = 0.1184 
 
R1 = 0.0512,  
wR2 = 0.1326 
 
Ra indices  
(all data) 
R1 = 0.0943,  
wR2 = 0.1360 
 
R1 = 0.0699,  
wR2 = 0.1446 
 
GOFb 
 
1.026 1.005 
final difference 
peaks, e/Å3 
0.496, –0.466 
 
0.919, –0.485 
 
aR1 = ∑||Fo|–|Fc||/∑|Fo|; wR2 = {∑w(Fo
2–Fc2)
2/∑w(Fo2)
2
}
1/2  bGOF = {∑w(Fo2– Fc2)
2
/(n – 
p)}
1/2
 where n = no.  of reflns; p = no.  of params refined 
 
Computational Methods.  Density Functional Theory (DFT) calculations were 
performed using Gaussian 03 package.23  All ground state, transition state, and 
intermediate geometries and both electronic and free energies (298.150 K, 1.00000 atm) 
were obtained using the B3LYP/6-311G(d) level without constraints for all H, C, B, O, F, 
S, and Cl atoms and the B3LYP/SDD pseudopotential was used for I atoms.  The NMR 
chemical shifts were calculated at the B3LYP/6-311G(d) level using the gauge-
independent atomic orbital (GIAO) option within Gaussian and are 11B referenced to 
BF3·O(C2H5)2 using an absolute shielding constant of 102.24 ppm, and 
1H referenced to 
Me4Si using an absolute shielding constant of 33 ppm.  Harmonic vibrational analyses 
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were carried out on the optimized geometries at the same level to establish the nature of 
stationary points.  All optimized Cartesian coordinates are given in Tables 2.2-2.13. 
 
Table 2.2. DFT optimized coordinates for 5-TfO-B10H13 (2.1). 
Center Number 
Atomic 
Number 
X Y Z 
1 5 –3.626529 –0.990917 0.563135 
2 5 –3.537295 0.774964 0.820349 
3 5 –1.885428 1.44109 0.872055 
4 5 –2.183834 –0.270945 1.32466 
5 5 –1.982354 –1.498798 0.090508 
6 5 –3.316608 –1.380541 –1.088219 
7 5 –4.137812 0.16426 –0.708806 
8 1 –5.240717 0.340839 –1.096615 
9 1 –3.460092 –0.23765 –1.768522 
10 1 –3.733784 –2.251104 –1.769397 
11 1 –1.984896 –1.380256 –1.224374 
12 1 –1.455309 –2.537891 0.293745 
13 5 –0.823439 0.120794 0.305302 
14 5 –1.220028 1.545004 –0.714204 
15 5 –2.978572 1.769547 –0.50708 
16 1 –3.446852 2.814282 –0.802336 
17 1 –2.235284 1.431351 –1.559665 
18 1 –0.436674 2.303112 –1.167247 
19 1 –0.795055 0.301349 –1.006093 
20 8 0.52353 –0.058653 0.771098 
21 16 1.670577 –0.836418 –0.041737 
22 8 1.244209 –1.036724 –1.416712 
23 6 2.938071 0.555862 –0.046458 
24 9 4.015397 0.130337 –0.69719 
25 9 2.430245 1.615982 –0.67217 
26 9 3.260836 0.880881 1.196505 
27 8 2.196832 –1.905102 0.769518 
28 1 –1.878677 –0.61192 2.417224 
29 1 –1.570047 2.226765 1.698551 
30 1 –4.36367 1.282903 1.501398 
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31 1 –4.371986 –1.647518 1.205813 
 
Table 2.3. DFT optimized coordinates for 5-TfO-B10H12 (2.1–). 
Center Number 
Atomic 
Number 
X Y Z 
1 5 –2.049765 –0.213133 –1.360677 
2 5 –2.176565 –1.622124 –0.310859 
3 5 –3.603767 –0.606823 –0.551069 
4 5 –3.211564 1.102479 –0.94195 
5 5 –3.99868 0.652073 0.582523 
6 5 –2.794122 1.966705 0.474288 
7 5 –1.465206 1.24961 –0.492719 
8 1 –0.712143 2.02901 –0.983444 
9 1 –2.977952 3.117239 0.705648 
10 1 –5.116986 0.889387 0.909242 
11 1 –3.766986 1.675075 –1.82531 
12 5 –3.158618 –1.146433 1.080217 
13 5 –1.376495 –1.172978 1.200952 
14 5 –0.808333 –0.459739 –0.174398 
15 8 0.535175 –0.725699 –0.808834 
16 16 1.924493 –0.886168 –0.128218 
17 6 2.406106 0.906644 0.179734 
18 9 3.665258 0.941939 0.64278 
19 9 2.351022 1.619103 –0.947752 
20 9 1.610522 1.475447 1.089799 
21 8 2.861139 –1.357159 –1.132964 
22 8 1.886469 –1.499589 1.187002 
23 1 –0.845692 –1.847987 2.022311 
24 1 –3.855994 –1.818269 1.771472 
25 1 –4.572 –1.095818 –1.045604 
26 1 –2.127559 –2.72682 –0.753185 
27 1 –1.801 –0.30516 –2.521815 
28 1 –1.558254 1.638111 0.786415 
29 1 –2.329751 –0.491424 1.848441 
30 1 –3.252093 1.258464 1.502281 
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Table 2.4. DFT optimized coordinates for 6,9-(C5H11)2-5-TfO-B10H11 (2.4). 
Center Number 
Atomic 
Number 
X Y Z 
1 5 0.640091 –0.10719 1.971349 
2 5 –0.917311 –0.978914 1.765469 
3 5 0.484963 –1.813938 2.451094 
4 5 2.073892 –1.166118 1.960501 
5 5 1.493892 –2.757757 1.372306 
6 5 2.50632 –1.656223 0.355798 
7 5 1.761612 –0.038291 0.62087 
8 1 2.355301 0.944983 0.344867 
9 1 1.811583 –0.796027 –0.442523 
10 6 3.893575 –2.011609 –0.314838 
11 1 4.33094 –2.840373 0.256752 
12 1 3.735245 –2.417833 –1.323658 
13 6 4.909117 –0.85724 –0.397322 
14 1 5.067421 –0.435116 0.601651 
15 1 4.495063 –0.041989 –1.002713 
16 6 6.255955 –1.289428 –0.986897 
17 1 6.676004 –2.097783 –0.373963 
18 1 6.093989 –1.722437 –1.983184 
19 6 7.275349 –0.150072 –1.089327 
20 1 7.432466 0.285771 –0.095079 
21 1 6.85867 0.654986 –1.707084 
22 6 8.620287 –0.593629 –1.669502 
23 1 9.083219 –1.371107 –1.053651 
24 1 9.324706 0.240474 –1.729982 
25 1 8.504955 –1.000761 –2.679033 
26 1 1.952608 –3.808117 1.668703 
27 1 1.623397 –2.656516 0.080437 
28 1 2.921879 –1.019641 2.774739 
29 5 –0.472159 –2.625206 1.233083 
30 5 –1.191795 –1.403777 0.110477 
31 5 –0.253789 0.100857 0.49611 
32 8 –0.836789 1.312026 –0.002171 
33 16 –0.830096 2.770859 0.675361 
34 6 –1.813499 3.56629 –0.71919 
35 9 –1.983324 4.849432 –0.413819 
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36 9 –1.147021 3.465322 –1.864296 
37 9 –2.999213 2.976811 –0.837811 
38 8 –1.655903 2.786559 1.862015 
39 8 0.500079 3.338589 0.655439 
40 1 –0.246553 –0.671009 –0.561314 
41 6 –2.511698 –1.452536 –0.755825 
42 1 –2.940838 –0.442672 –0.764336 
43 1 –2.271757 –1.667052 –1.806324 
44 6 –3.574981 –2.456335 –0.271452 
45 1 –3.161746 –3.472006 –0.286689 
46 1 –3.821808 –2.250181 0.776269 
47 6 –4.855527 –2.420518 –1.112363 
48 1 –5.270246 –1.404198 –1.096573 
49 1 –4.607342 –2.626759 –2.162171 
50 6 –5.924906 –3.411571 –0.640851 
51 1 –6.173448 –3.204019 0.407113 
52 1 –5.509868 –4.427051 –0.655445 
53 6 –7.200598 –3.370058 –1.485173 
54 1 –7.662466 –2.378111 –1.460885 
55 1 –7.943103 –4.08717 –1.124504 
56 1 –6.993675 –3.609564 –2.533057 
57 1 –1.095092 –3.609635 1.438461 
58 1 –0.438663 –2.506163 –0.078761 
59 1 0.388405 –2.262014 3.544396 
60 1 –1.845287 –0.691927 2.442714 
61 1 0.647481 0.848818 2.671269 
 
196 
 
Table 2.5. DFT optimized coordinates for 6,9-(Me2S)2-5-TfO-B10H11 (2.6). 
Center Number 
Atomic 
Number 
X Y Z 
1 5 –0.858029 0.355078 2.240538 
2 5 –0.223559 1.826626 1.506585 
3 5 –1.895298 1.840673 2.048464 
4 5 –2.509988 0.237968 1.670921 
5 5 –2.965399 1.584917 0.642647 
6 1 –4.036353 2.104295 0.617454 
7 5 –2.679032 –0.12676 –0.029478 
8 16 –4.245464 –1.264327 –0.253866 
9 6 –3.599854 –2.667266 –1.223031 
10 1 –4.42953 –3.300179 –1.536637 
11 1 –2.936466 –3.225311 –0.565236 
12 1 –3.03981 –2.301194 –2.082801 
13 6 –5.197815 –0.397013 –1.544284 
14 1 –4.550335 –0.159989 –2.387759 
15 1 –5.568453 0.522852 –1.096266 
16 1 –6.034377 –1.021517 –1.856362 
17 1 –2.246745 0.048584 –1.127504 
18 5 –1.293766 –0.818558 0.968553 
19 1 –1.151736 –1.978019 1.191737 
20 1 –3.366735 –0.280448 2.31229 
21 5 –1.426644 2.649913 0.535721 
22 1 –1.541722 3.829579 0.441236 
23 1 –2.237414 2.0883 –0.342562 
24 1 –2.239487 2.435726 3.015853 
25 5 0.240805 0.259907 0.847251 
26 5 0.046021 1.758232 –0.210544 
27 16 1.685798 2.776916 –0.578643 
28 6 1.228387 4.53336 –0.40442 
29 1 2.089206 5.140779 –0.682831 
30 1 0.985585 4.69931 0.642916 
31 1 0.364122 4.768535 –1.022172 
32 6 1.867528 2.662907 –2.384985 
33 1 0.937482 2.947203 –2.87548 
34 1 2.114316 1.626063 –2.597043 
35 1 2.685851 3.311675 –2.695507 
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36 1 –0.368195 1.383139 –1.25989 
37 8 1.535686 –0.386953 1.165262 
38 16 2.674327 –0.803985 0.16587 
39 6 2.237587 –2.612838 –0.108604 
40 9 1.064434 –2.70799 –0.744124 
41 9 2.160619 –3.255867 1.049871 
42 9 3.182998 –3.16949 –0.864957 
43 8 2.525972 –0.16761 –1.137496 
44 8 3.938355 –0.78647 0.865254 
45 1 –0.453538 –0.471087 –0.007726 
46 1 0.629409 2.464595 2.041851 
47 1 –0.502776 0.002954 3.316052 
 
Table 2.6. DFT optimized coordinates for 6,9-(Me2S)2-5-Cl-B10H11 (2.7). 
Center Number 
Atomic 
Number 
X Y Z 
1 5 0.081356 1.45624 1.694687 
2 1 –0.02669 2.429506 2.36441 
3 5 –1.203493 0.261909 1.595404 
4 1 –2.257285 0.420237 2.121857 
5 5 0.246222 –0.183757 2.478536 
6 1 0.263833 –0.260872 3.663015 
7 5 1.56468 0.53194 1.567833 
8 1 2.575847 0.884804 2.085777 
9 5 1.283297 –1.197278 1.437293 
10 1 1.956197 –2.043029 1.937837 
11 1 0.38756 –1.791061 0.662849 
12 5 –0.592542 –1.37817 1.451284 
13 1 –1.089878 –2.335846 1.955526 
14 5 1.871936 –0.17753 0.002396 
15 16 3.795669 –0.113499 –0.315931 
16 6 4.197629 –1.826425 –0.792643 
17 1 3.497728 –2.175636 –1.550938 
18 1 4.101035 –2.435337 0.104226 
19 1 5.223228 –1.866984 –1.158786 
20 6 3.916202 0.702787 –1.941478 
21 1 4.946786 0.65672 –2.292594 
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22 1 3.620173 1.739582 –1.794947 
23 1 3.239516 0.225299 –2.649185 
24 1 1.403381 –0.69623 –0.965032 
25 5 1.018759 1.455902 0.175127 
26 1 1.483468 2.479642 –0.214504 
27 1 0.108103 1.051324 –0.698082 
28 5 –0.854026 1.2626 0.188915 
29 5 –1.397577 –0.492655 0.027344 
30 16 –3.303415 –0.798558 –0.258426 
31 6 –3.399656 –2.608996 –0.453749 
32 1 –4.401317 –2.878781 –0.787802 
33 1 –3.204082 –3.04534 0.523396 
34 1 –2.646226 –2.947806 –1.163879 
35 6 –3.554879 –0.281288 –1.988042 
36 1 –2.819441 –0.762847 –2.631482 
37 1 –3.419235 0.798207 –2.011746 
38 1 –4.568952 –0.538711 –2.292461 
39 1 –0.847001 –0.919844 –0.941046 
40 17 –1.90892 2.646672 –0.418549 
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Table 2.7. DFT optimized coordinates for 1-C6H5-4-TfO-1,2-C2B10H10 (2.10).   
Center Number 
Atomic 
Number 
X Y Z 
1 6 –1.400006 0.711414 0.018766 
2 6 –2.968031 0.86479 0.557363 
3 1 –3.216774 1.843367 0.942303 
4 5 –1.898279 –0.049961 1.511004 
5 1 –1.509449 0.401232 2.524513 
6 5 –0.875682 –0.910579 0.32995 
7 5 –1.373823 –0.384475 –1.300669 
8 1 –0.545097 –0.202173 –2.119671 
9 5 –2.702151 0.778986 –1.128996 
10 1 –2.830319 1.766549 –1.756365 
11 5 –3.053694 –0.895679 –1.55119 
12 5 –1.930225 –1.950209 –0.64314 
13 5 –2.25233 –1.728339 1.108962 
14 5 –3.578452 –0.555535 1.265505 
15 1 –4.315463 –0.437704 2.181486 
16 5 –4.070924 –0.046206 –0.362309 
17 1 –5.144905 0.411694 –0.542943 
18 5 –3.600807 –1.733139 –0.061602 
19 1 –4.403302 –2.602858 –0.088389 
20 1 –2.058881 –2.573087 1.914675 
21 1 –1.522102 –2.96792 –1.081622 
22 1 –3.458231 –1.156778 –2.632218 
23 8 0.49011 –1.060932 0.741816 
24 16 1.663756 –1.935779 0.077915 
25 6 2.869243 –0.52202 –0.221553 
26 9 3.979303 –1.030744 –0.748461 
27 9 2.338571 0.35476 –1.071335 
28 9 3.158786 0.087377 0.923567 
29 8 2.234473 –2.7678 1.10918 
30 8 1.282227 –2.449452 –1.219116 
31 6 –0.452994 1.886101 0.081859 
32 6 0.260399 2.187976 1.248442 
33 1 0.13683 1.586066 2.137553 
34 6 1.159845 3.250183 1.274381 
35 1 1.705318 3.462197 2.18763 
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36 6 1.36678 4.025536 0.137679 
37 6 0.674061 3.724081 –1.032129 
38 1 0.835126 4.311467 –1.929711 
39 6 –0.223847 2.662491 –1.062106 
40 1 –0.737355 2.433773 –1.986399 
41 1 2.069238 4.851931 0.159751 
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Table 2.8. DFT optimized coordinates for 1-CF3C6H4-4-TfO-1,2-C2B10H10 (2.11). 
Center Number 
Atomic 
Number 
X Y Z 
1 6 1.089416 –1.427043 0.01098 
2 6 1.83052 –2.810572 0.549039 
3 1 1.156281 –3.56841 0.921603 
4 5 1.978725 –1.414847 1.515297 
5 1 1.372725 –1.353357 2.520565 
6 5 2.12768 –0.079405 0.341523 
7 5 1.993537 –0.780143 –1.296232 
8 1 1.383468 –0.191211 –2.115919 
9 5 1.775746 –2.533833 –1.138522 
10 1 1.034771 –3.188509 –1.777163 
11 5 3.363735 –1.881095 –1.535494 
12 5 3.592455 –0.36391 –0.616292 
13 5 3.569463 –0.765146 1.13429 
14 5 3.339667 –2.522414 1.278 
15 1 3.644807 –3.204406 2.193073 
16 5 3.215909 –3.206659 –0.355399 
17 1 3.44211 –4.351419 –0.538828 
18 5 4.344276 –1.871667 –0.033106 
19 1 5.514524 –2.047117 –0.046364 
20 1 4.150543 –0.136073 1.950619 
21 1 4.210151 0.547402 –1.043164 
22 1 3.819382 –2.063384 –2.612042 
23 8 1.472512 1.127327 0.751203 
24 16 1.537985 2.595927 0.094557 
25 6 –0.306438 2.785727 –0.23319 
26 9 –0.51367 3.993726 –0.745469 
27 9 –0.708713 1.86031 –1.103525 
28 9 –0.990305 2.656398 0.89897 
29 8 1.8826 3.531297 1.136796 
30 8 2.199432 2.574895 –1.191038 
31 6 –0.415825 –1.302554 0.052791 
32 6 –1.086167 –0.910499 1.21594 
33 1 –0.537124 –0.698402 2.121892 
34 6 –2.469907 –0.763242 1.225063 
35 1 –2.971408 –0.459782 2.135447 
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36 6 –3.204599 –1.002616 0.068658 
37 6 –2.547796 –1.379782 –1.102236 
38 1 –3.112692 –1.562808 –2.008749 
39 6 –1.167555 –1.523961 –1.109457 
40 1 –0.675899 –1.801426 –2.031745 
41 6 –4.698073 –0.807445 0.049549 
42 9 –5.318412 –1.787399 –0.642208 
43 9 –5.225307 –0.791808 1.289925 
44 9 –5.035057 0.360267 –0.541135 
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Table 2.9. DFT optimized coordinates for 1-C6H11-4-TfO-1,2-C2B10H10 (2.12). 
Center Number 
Atomic 
Number 
X Y Z 
1 6 –1.691662 0.256939 0.111713 
2 6 –2.866514 1.291057 –0.41526 
3 1 –3.771678 0.809749 –0.758299 
4 5 –1.50588 1.107814 –1.416738 
5 1 –1.587929 0.486691 –2.409889 
6 5 –0.163825 0.95147 –0.255556 
7 5 –0.82693 1.030912 1.39726 
8 1 –0.352471 0.348653 2.231423 
9 5 –2.578306 1.198339 1.272775 
10 1 –3.360969 0.611933 1.933214 
11 5 –1.586934 2.612627 1.6227 
12 5 –0.0724 2.462113 0.675557 
13 5 –0.496077 2.503212 –1.069618 
14 5 –2.26261 2.686204 –1.179179 
15 1 –2.879263 3.129795 –2.08431 
16 5 –2.926238 2.74469 0.466856 
17 1 –3.985879 3.232308 0.65496 
18 5 –1.372133 3.532513 0.100733 
19 1 –1.272146 4.711934 0.089603 
20 1 0.230649 2.918214 –1.903242 
21 1 0.96897 2.854951 1.074092 
22 1 –1.635141 3.117099 2.692424 
23 8 0.847685 –0.036094 –0.547738 
24 16 2.39081 0.152059 –0.930642 
25 6 3.138342 –0.270441 0.745397 
26 9 4.462007 –0.238871 0.635184 
27 9 2.74669 0.614512 1.658346 
28 9 2.751618 –1.489224 1.119148 
29 8 2.733938 –0.929362 –1.822797 
30 8 2.711643 1.532609 –1.212283 
31 6 –2.034225 –1.260288 0.101646 
32 6 –1.32589 –2.026322 1.239768 
33 6 –1.73868 –3.504648 1.269907 
34 6 –1.492389 –4.194443 –0.074288 
35 6 –2.203816 –3.4422 –1.201627 
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36 6 –1.800115 –1.96131 –1.253612 
37 1 –0.745728 –1.874424 –1.532367 
38 1 –2.374094 –1.468247 –2.041249 
39 1 –3.290295 –3.518736 –1.059407 
40 1 –1.989017 –3.904938 –2.169781 
41 1 –0.414771 –4.225962 –0.278067 
42 1 –1.831786 –5.234515 –0.03708 
43 1 –1.19107 –4.012282 2.070092 
44 1 –2.802713 –3.581443 1.530347 
45 1 –0.241859 –1.953195 1.107596 
46 1 –1.557798 –1.564971 2.202059 
47 1 –3.110573 –1.310059 0.310804 
 
Table 2.10. DFT optimized coordinates for 1-C6H5-4-Cl-1,2-C2B10H10 (2.16). 
Center Atomic X Y Z 
1 6 0.032452 –0.297972 0.014835 
2 6 0.879869 –1.355764 0.978916 
3 1 0.261376 –1.986277 1.601345 
4 5 0.908157 0.299268 1.397723 
5 1 0.304329 0.666987 2.336847 
6 5 0.961856 1.158188 –0.162036 
7 5 0.90236 –0.07673 –1.450673 
8 1 0.275783 0.147026 –2.42495 
9 5 0.812614 –1.6821 –0.69946 
10 1 0.11314 –2.557785 –1.062375 
11 5 2.351473 –1.096758 –1.324658 
12 5 2.452578 0.657521 –0.991975 
13 5 2.44855 0.891496 0.783089 
14 5 2.353473 –0.719294 1.532152 
15 1 2.70628 –1.015414 2.620577 
16 5 2.29689 –1.937442 0.240339 
17 1 2.612155 –3.054551 0.4621 
18 5 3.31659 –0.492836 0.057725 
19 1 4.497627 –0.572728 0.085965 
20 1 2.981058 1.799751 1.322775 
21 1 2.996612 1.41185 –1.724162 
22 1 2.825362 –1.602858 –2.2843 
205 
 
23 17 0.104716 2.727697 –0.330702 
24 6 –1.477511 –0.32774 0.047073 
25 6 –2.202376 0.058724 1.180209 
26 1 –1.690094 0.400053 2.068959 
27 6 –3.594182 0.023459 1.177819 
28 1 –4.135349 0.329122 2.066922 
29 6 –4.285894 –0.389448 0.043283 
30 6 –3.574186 –0.76953 –1.091581 
31 1 –4.099823 –1.090256 –1.984651 
32 6 –2.183654 –0.741643 –1.089751 
33 1 –1.647873 –1.041322 –1.980893 
34 1 –5.370561 –0.411533 0.041825 
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Table 2.11. DFT optimized coordinates for 1,2-Et2-4-TfO-1,2-C2B10H10 (2.25).                         
Center Number 
Atomic 
Number 
X Y Z 
1 5 –2.495495 1.516522 1.809915 
2 1 –2.944508 1.964891 2.809321 
3 5 –0.954607 2.067506 1.087198 
4 1 –0.275436 2.90305 1.579453 
5 5 –1.064011 1.859079 –0.68844 
6 1 –0.479275 2.537405 –1.459765 
7 5 –2.668864 1.204058 –1.049727 
8 5 –3.547561 0.981825 0.479496 
9 1 –4.728735 0.954994 0.495444 
10 5 –2.670529 –0.205281 1.462443 
11 1 –3.197275 –1.061957 2.080627 
12 6 –2.742958 –0.323501 –0.266447 
13 5 –1.270093 0.131555 –1.016529 
14 5 –0.203855 0.666269 0.301025 
15 8 1.205187 0.369476 0.338704 
16 16 2.175478 0.037075 –0.893124 
17 6 3.742439 0.024719 0.151029 
18 9 4.760703 –0.25543 –0.65775 
19 9 3.929255 1.211249 0.711766 
20 9 3.654221 –0.91074 1.09254 
21 8 1.946296 –1.320595 –1.35172 
22 8 2.261334 1.143111 –1.820643 
23 6 –1.295652 –0.648222 0.540156 
24 6 –0.80299 –2.100716 0.597638 
25 1 –1.670503 –2.759165 0.528152 
26 1 –0.19096 –2.290369 –0.285861 
27 6 –0.005459 –2.473125 1.851117 
28 1 –0.597321 –2.365655 2.761964 
29 1 0.302421 –3.518412 1.773401 
30 1 0.895698 –1.868951 1.954669 
31 5 –1.077813 0.461343 1.833314 
32 1 –0.495377 0.075929 2.782889 
33 1 –0.888895 –0.517599 –1.923851 
34 6 –3.502733 –1.520251 –0.854296 
35 6 –4.58979 –1.166194 –1.873533 
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36 1 –4.17237 –0.716307 –2.774945 
37 1 –5.109608 –2.080622 –2.168929 
38 1 –5.330703 –0.4789 –1.46237 
39 1 –2.784263 –2.190924 –1.329849 
40 1 –3.952212 –2.075883 –0.027975 
41 5 –2.489332 2.393802 0.253253 
42 1 –2.941062 3.48232 0.139674 
43 1 –3.25374 1.331655 –2.065518 
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Table 2.12. DFT optimized coordinates for [1-TfO-B10H9
2–] (2.25/2.27). 
Center Number 
Atomic 
Number 
X Y Z 
1 5 –2.129232 –1.360357 0.357973 
2 5 –1.52548 0.254584 1.059124 
3 5 –2.8754 1.387247 0.5918 
4 5 –1.599405 1.014897 –0.637957 
5 5 –0.868169 –0.464968 –0.303487 
6 5 –2.189504 –0.598674 –1.33222 
7 5 –3.342459 0.785617 –1.087712 
8 5 –4.326216 0.556256 0.279666 
9 5 –3.250031 –0.28535 1.292711 
10 5 –3.715534 –0.883402 –0.388362 
11 1 –4.46499 –1.754195 –0.750427 
12 1 –3.597983 –0.630698 2.392556 
13 1 –5.461738 0.892998 0.478042 
14 1 –3.767011 1.361087 –2.057131 
15 1 –2.053692 –1.085046 –2.42387 
16 8 0.537321 –0.916483 –0.698878 
17 16 1.86698 –0.91676 0.060732 
18 8 1.795712 –1.236048 1.479046 
19 8 2.867114 –1.59262 –0.762609 
20 6 2.396517 0.890558 –0.004021 
21 9 1.646402 1.675357 0.759233 
22 9 3.674043 0.98091 0.439376 
23 9 2.374085 1.351935 –1.260733 
24 1 –0.957439 1.901834 –1.136475 
25 1 –2.899512 2.485207 1.086338 
26 1 –0.848984 0.50748 2.01659 
27 1 –1.944241 –2.495713 0.70775 
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Table 2.13. DFT optimized coordinates for [2-TfO-B10H9
2–] (2.26/2.28). 
Center Number 
Atomic 
Number 
X Y Z 
1 5 –2.321294 –0.611642 1.319629 
2 5 –1.185635 –0.070719 0.00316 
3 5 –2.132231 1.146976 –0.932608 
4 5 –2.319886 –0.634726 –1.305065 
5 5 –1.846923 –1.612622 0.01628 
6 5 –3.483164 –1.171882 0.011375 
7 5 –3.788967 0.365908 –0.926791 
8 5 –3.425287 1.756124 –0.014092 
9 5 –2.133424 1.163066 0.916559 
10 5 –3.790155 0.38209 0.922323 
11 1 –4.685089 0.416868 1.728175 
12 1 –1.545849 1.854974 1.705593 
13 1 –3.935234 2.843456 –0.023794 
14 1 –4.683068 0.386747 –1.734049 
15 1 –4.330931 –2.026865 0.018373 
16 1 –1.309049 –2.681812 0.026038 
17 1 –2.136333 –1.008521 –2.431152 
18 1 –1.543893 1.825036 –1.732959 
19 8 0.33572 0.213639 0.00347 
20 16 1.535864 –0.741418 –0.005091 
21 8 1.750882 –1.443492 –1.265466 
22 6 2.835306 0.615207 0.003218 
23 9 2.749501 1.404187 –1.074397 
24 9 2.75688 1.382413 1.097007 
25 9 4.063157 0.046718 –0.006651 
26 8 1.75482 –1.462058 1.244021 
27 1 –2.138595 –0.965874 2.452226 
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2.3 Results and Discussion 
2.3.1 Synthesis and Characterization of 5-TfO-B10H13 
As discussed earlier, Hawthorne showed that nido-6-TfO-B10H13 (Figure 2.5) was 
formed by the reaction of triflic acid and B10H10
2– (Figure 2.8 (top)). Surprisingly, the 
reaction of [NH4
+]2[B10H10
2–] in the ionic liquid, 1-butyl-3-methylimidazolium 
trifluoromethanesulfonate (bmimOTf), with a large excess of triflic acid gave exclusively 
the previously unknown nido-5-TfO-B10H13 isomer (Figure 2.8 (bottom)).   
In a typical reaction, a vigorous stirring of [NH4
+]2[B10H10
2–] in bmimOTf at 60 
oC for 24 h followed by extraction with hexanes gave an oily solid after solvent 
evaporation. Recrystallization from pentane gave pure 2.1 in 64% yield (Figure 2.8 
(bottom)).   
 
Figure 2.8.  The cage-opening reactions of closo-B10H10
2– to give 6-TfO-B10H13 (top) and 
2.1 (bottom). 
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 The 11B NMR spectra of 2.1 (Figure 2.9) are consistent with C1 symmetry, 
displaying 9 separate resonances with one singlet, indicative of the substituted-B5, at 9.3 
ppm, and the peak at 11 ppm having an intensity of two.  The excellent agreement 
between the observed spectra and the chemical shifts predicted by DFT/GIAO 
calculations (B3LYP/6-311G(d)) allowed the assignment of the resonances indicated in 
the Figure 2.9 caption.  The 1H NMR spectrum of 2.1 (Figure 2.10) again showed C1 
symmetry, with 4 separate bridging-proton resonances indicated by the starred peaks (3 
upfield of 0.0 ppm, and 1 at 0.4 ppm) that appeared in the same 1-downfield/3-upfield 
pattern seen in the spectra of the 5-X-B10H13 derivatives.
10  This pattern is also observed 
in the DFT calculations listed in the Figure 2.11 caption.  A single crystal X-ray 
diffraction study confirmed the assignment of 1 as 5-TfO-B10H13 (Figure 2.11). 
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Figure 2.9. 11B{1H} (top) and 11B (bottom) NMR spectra of 5-TfO-B10H13 (2.1).  
DFT/GIAO calculated 11B NMR shifts (assign) 13.3 (B3), 12.4 (B1), 8.6 (B5), 7.7 (B9), 
4.5 (B6), 3.1 (B10), –1.1 (B8), –4.5 (B7), –39.7 (B2/B4) ppm. 
 
 
Figure 2.10. 1H{11B} NMR spectrum of 5-TfO-B10H13 (2.1).  Starred peaks indicate BHB 
bridging hydrogens.  DFT/GIAO calculated 1H NMR shifts (assign) 5.22 (B1-H), 4.97 
(B9-H), 4.95 (B3-H), 4.72 (B6-H), 4.43 (B10-H), 4.26 (B8-H), 4.16 (B7-H), 2.14 (B2-H), 
1.87 (B4-H), 0.74 (B5-H-B6), –0.97 (B9-H-B10), –1.41 (B6-H-B7), –1.77 (B8-H-B9) 
ppm. 
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Figure 2.11.  Crystallographically determined structure of 2.1.  Selected distances (Å) 
and angles (deg): B5–O1, 1.447(4); B5–B6, 1.797(5); B6–B7, 1.790(5); B7–B8, 
1.982(5); B8–B9, 1.778(5); B9–B10, 1.784(5); B5–B10, 1.970(4); B2–B6, 1.730(4); B4–
B9, 1.744(5); O1–S1, 1.537(2); O2–S1, 1.413(2); O3–S1, 1.411(2); B5–O1–S1, 
124.34(19); O1–B5–B6, 118.1(2); O1–B5–B10, 118.9(2); B2–B6–B5, 60.72(18); B7–
B6–B5, 103.8(2); B8–B9–B10, 105.2(2). 
 
 The B5–O1 bond distance (1.447(4) Å) in 2.1 is similar to that found in 6-TfO-
B10H13 (1.433(4) Å),
9  but longer than those for in 5-RO-B10H13 (R = Me (1.370(3) Å), 
ClC2H4OC2H4 (1.3604(19) Å), and CH3CCCH2 (1.3828(17) Å)),
16 perhaps indicating less 
π-backbonding of the oxygen to the cage in 2.1, as would be expended owing to the 
strongly electron withdrawing triflate group. 
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Synthesis of 2.1 was also achieved by thermal isomerization of 6-TfO-B10H13.  A 
solution of 50 mg of 6-TfO-B10H13 in toluene at 55 °C showed no reaction; however 
when stirred at 85 °C for 36 h, complete conversion to 5-TfO-B10H13  was observed.  The 
isomerization took place at lower temperatures, 55 °C, when the ionic liquid, bmimOTf, 
(under either neutral or acidic conditions) was used as the solvent.  The corresponding 6-
X-B10H13 (X = Cl, Br, I) compounds do not undergo isomerization to their 5-X-B10H13 
isomers under these conditions. 
DFT (B3LYP/6-311G(d)) analysis, carried out by William Ewing, identified a 
pathway for the triflate migration (Figure 2.13),24 involving attack of one of the other 
triflate-oxygens on the boron in the 5-position, to form an intermediate with the triflate 
bridging the 6-5 edge and with the 5-6 bridging hydrogen moving to an endo position on 
the 6-boron.  The B5 terminal hydrogen then becomes the bridging hydrogen as the 
oxygen detaches from the 6-position.  The ability of the triflate, unlike the halogens,11 to 
form an intermediate with the triflate bound to both the 5- and 6-position provides a 
unique pathway for this triflate isomerization compared to the halogen compounds. 
 
 
 
Figure 2.12.  Thermal isomerization of 6-TfO-B10H13 to 5-TfO-B10H13. 
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Figure 2.13.  Calculated relative electronic energies (kcal/mol) for the thermal 
isomerization pathway of 6-TfO-B10H13 to 5-TfO-B10H13.  (William Ewing DFT 
calculations.24) 
 
As seen with the halogenated derivatives,11 isomerization of 6-TfO-B10H13 to 2.1 
was found to occur in the presence of catalytic amounts of base (Figure 2.14).  Thus, the 
reaction of 100 mg of 6-TfO-B10H13 with 5 mol% triethylamine resulted in isomerization 
to 2.1.  This isomerization took ~1 h, which is much faster than the 6- to 5-X-B10H13 
halo-isomerization which took 12 h (X = Cl), 6 h (X = Br), and 4 h (X = I).  Vacuum-
evaporation of the solvent and triethylamine gave 2.1 in 60% yield.  
216 
 
 
  
Figure 2.14. Base-catalyzed isomerizations of 6-TfO-B10H13 to 5-TfO-B10H13. 
 
  Ewing et al. had a proposed a mechanistic pathway for the base-catalyzed 
isomerization of 6-X-B10H13 to 5-X-B10H13 (X = Cl, Br, I) (Figure 2.15), involving 
formation of the 6-X-B10H12
1– anion, which could then convert to the 5-X-B10H12
1–.11  
DFT analysis confirmed that there were two potential pathways of hydrogen migration 
available, one involving a 5,10-BHB hydrogen bridge intermediate, and the other an 
endo-H transition state on B6 to form the 6-X-B10H12
1– enantiomer.  DFT calculated 
energies of the ionic intermediates showed that in all cases the 5-X-B10H12
1– is lower in 
energy than 6-X-B10H12
1–.  This was also supported by 11B NMR studies (Figure 2.16) 
that showed when 6-X-B10H13 was fully deprotonated to 6-X-B10H12
1– it isomerized to 5-
X-B10H12
1–  at 60 °C, and could then be reprotonated to give 5-X-B10H13.  
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Figure 2.15. Proposed pathway for base-catalyzed isomerization. 
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Figure 2.16.  Deprotonation of 6-Br-B10H13 and isomerization at 60 °C monitored by 
11B{1H} NMR.  (a) 6-Br-B10H13, (b) 6-Br-B10H12
1–, (c) 60 min, (d) 90 min, (e) 130 min, 
(f) reacidified mixture. (William Ewing NMR spectra.11) 
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 Based upon the previously reported synthesis of 5-X-B10H13 (X = F, Br, I) through 
reacting 6,9-(Me2S)2-B10H12 with hydrogen halides,
25 another synthetic route to 2.1 was 
also achieved.  In the reaction, 6,9-(Me2S)2-B10H12 was stirred with triflic acid at room 
temperature for 2 h, to give 2.1 in 40% yield (Figure 2.17).   The variety of methods 
available to make 2.1 makes it an even more attractive starting material for the synthesis 
of new cage systems.  
 
Figure 2.17.  Synthesis of 2.1 from 6,9-(Me2S)2-B10H12. 
 
2.3.2 Reactivity Studies of 5-X-B10H13 
The efficient synthesis of 5-TfO-B10H13 described above allowed a systematic 
investigation of the chemistry of this potentially important starting material.  As shown in 
Figure 18, the compound has a number of chemically reactive sites including: (1) 
Brønsted acidic bridging hydrogens; (2) B6- and B9-H units that could be used to 
hydroborate olefins; (3) Lewis acidic 6 and 9 borons that could form adducts with Lewis 
bases; and (4) a potentially reactive triflate group that could be substituted by metathesis 
reactions.  Examples of these types of reactions are discussed in the following sections. 
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Figure 18. Potential reactive sites of 5-TfO-B10H13. 
 
2.3.2.1 Bridging-Hydrogen Deprotonation 
 When 2.1 was reacted with 1 equivalent of a strong Brønsted base, Proton Sponge 
(PS), deprotonation to form the 5-TfO-B10H12
1–
  (2.1–) occurred.  As shown in Figure 
2.19, depending upon which bridging hydrogen is removed, four different structures 
could be produced.  DFT calculations on these four structures showed A to be lowest in 
energy (Table 2.14, Figure 2.20) and as shown in Figure 2.21, the GIAO calculated 11B 
shifts for A are in excellent agreement with the experimentally observed spectrum.  This 
structure is likewise consistent with the structure observed by Ewing et al. for 5-Cl-
B10H12
1–. 
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Figure 2.19.  Possible deprotonation sites for 5-TfO-B10H12
1–. 
 
Table 2.14. Corresponding calculated electronic energies at B3LYP/6-311G(d) for the 
isomerization of 5-TfO-B10H12
1– (See Figure 2.19 for structures). 
 Electronic Energy 
 E (Hartrees) 
ΔE 
(kcal/mol) 
A –1217.375630 0.00 
B –1217.367270 +5.24 
C –1217.364672 +6.87 
D –1217.365835 +6.14 
 
 
Figure 2.20.  DFT optimized geometry of 5-TfO-B10H12
1–
  (2.1–), Figure 2.19 A. 
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Figure 2.21.  11B{1H} NMR spectrum of 5-TfO-B10H12
1– (2.1–).  For Figure 2.19 A: 
DFT/GIAO calculated 11B NMR shifts (assign) 16.4 (B6), 15.4 (B5), 6.3 (B1), –5.8 (B8), 
–6.6 (B3), –9.3 (B10), –13.6 (B7), –13.9 (B9), –29.8 (B2), –47.5 (B4) ppm. 
 
2.3.2.2 TfO-Substitution Reactions: Synthesis of 6-RO-B10H13 
Nucleophilic attack of alcohols on the 5-X-B10H13 was previously shown to result 
in halogen substitution by an alkoxide to yield 6-boranyl ethers.16  When 2.1 was reacted 
with methanol, clean conversion to 6-MeO-B10H13 (2.2) was observed in 80% isolated 
yield.  This is higher than that of the analogous 5-Br-B10H13 reaction which resulted in a 
54% yield of 2.2.  In previous studies, 5-X-B10H13 was found to be unreactive toward 
phenols; however, when 2.1 was stirred with 1.25 equiv. of para-methoxyphenol at 60 
oC, 6-(4-CH3O-C6H4O)-B10H13 (2.3) was produced in 84% isolated yield (Figure 2.22).  
The 11B NMR spectra of 2.3 showed 6 resonances in 1:3:2:2:1:1 ratios, and the 1H NMR 
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spectrum had 5 sets of BH peaks with intensity of two and one with intensity one, both of 
which are consistent the Cs symmetry of 2.3. 
 
 
Figure 2.22.  Reactivity of 5-TfO-B10H13 with ROH to give 6-RO-B10H13. 
   
 Previously, Ewing et al. reported a DFT calculated pathway for the nucleophilic 
attack of alcohols at the 6-position of 5-Cl-B10H13 (Figure 2.23).  Initial nucleophilic 
attack of the alcohol at B6 occurs, forming a transition state in which the 5/6-bridging 
hydrogen moves to an endo position on B5.  Then as HCl is eliminated, the B6 hydrogen 
moves to the bridging position, leaving 6-MeO-B10H13.  A similar reactive pathway is 
reasonable for the triflate complex.  
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Figure 2.23.  DFT calculated (B3LYP/6-311G(d)) pathway from 5-Cl-B10H13 to 6-OMe-
B10H13.  Energies are in kcal/mol. 
 
2.3.2.3 Hydroboration Reactions of Terminal Alkenes: Synthesis of 6,9-(C5H11)2-5-
X-B10H11 (X = TfO, I) 
Mazighi et al. showed that platinum bromide catalyzed the hydroboration 
reactions of decaborane with alkenes, such as 1-pentene, 1-butene, and propylene, to 
form 6,9-R2-B10H12 derivatives.
26  Platinum bromide was also found to catalyze the 
hydroboration of 1-hexene with 6-X-B10H13 (X = Cl, I) to form 6-X-9-(C6H13)-B10H12
11 
and this same reactivity was found for 5-X-decaboranes (X = TfO, I) (Figure 2.24).   
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When 1 was stirred in neat 1-pentene at 55 °C for 2 days, 6,9-(C5H11)2-5-TfO-
B10H11 (2.4) was produced in moderate yields.  As shown in Figure 2.25, the 
11B NMR 
spectra of 2.4 are characteristic of this structure, with the singlet, corresponding to the 
triflate-substituted B5 vertex, at 6.7 ppm, and two additional singlets, indicative of alkyl 
substituted vertices B6 and B9 at 23.0 and 25.7 ppm.  The DFT/GIAO calculations, listed 
in the Figure 2.25 caption, are in excellent agreement with the experimental data.  The 
1H{11B} NMR spectrum has two broad peaks (1.54 and 1.16 ppm) corresponding to the 
alkyl protons as well as 3 resonances for the 3 bridging hydrogens upfield of 0.0 ppm, 
and one at 0.77 ppm, which match well with DFT/GIAO calculations. 
 
 
Figure 2.24.  Syntheses of 6,9-(C5H11)2-5-X-B10H11. 
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Figure 2.25. 11B{1H} (top) and 11B (bottom) NMR spectra of 6,9-(C5H11)2-5-TfO-B10H11 
(2.4).  DFT/GIAO calculated 11B NMR shifts (assign) 23.5 (B9), 18.9 (B6), 10.3 (B3), 
9.5 (B5), 5.7 (B1), –0.4 (B10), –5.7 (B8), –9.9 (B7), –39.5 (B2), –40.6 (B4) ppm. 
 
 Mazighi et al.26 reported a possible mechanistic pathway based on analogous 
hydrosilation reactions using platinum(II) as the active catalyst.27  In this mechanism 
(Figure 2.26), the olefin first coordinates to the platinum, followed by attack of the 
platinum at the B6/9 (most positive) sites of the cage.  Oxidative-addition of B6-H to the 
platinum is followed by olefin-insertion into the Pt-H bond.  Lastly, a reductive-
elimination takes place to form the substituted decaborane and regenerate platinum(II).  
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Figure 2.26.  Possible mechanism for the platinum-catalyzed decaborane-olefin 
hydroboration. 
 
Due the oily nature of 2.4, crystallographic characterization could not be obtained 
and efforts to produce other 6,9-(C5H11)2-5-X-B10H11 compounds were explored to 
provide structural confirmation.  When 5-I-B10H13 was reacted with 1-pentene in the 
presence of platinum bromide, 6,9-(C5H11)2-5-I-B10H11 (2.5) was formed (Figure 2.24).  
The singlet at –16.0 ppm that is observed in the 11B NMR spectrum of 2.5 corresponds to 
the iodinated-B5 boron, and the intensity-two singlet at 24.6 ppm, corresponds to the 
alkyl substituted 6 and 9 borons (Figure 2.27).  The 1H{11B} NMR spectrum shows three 
broad peaks (1.58, 1.38, and 0.93 ppm) corresponding to the alkyl protons, as well as 4  
resonances for the bridging hydrogens upfield of 0.0 ppm (Figure 2.28).  The proposed 
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structure was crystallographically confirmed as shown in the ORTEP diagram in Figure 
2.29.  The B5–I1 bond distance (2.180(2) Å) is larger than the B5–I1 distance (2.166(5) 
Å) for 5-I-B10H13.
11   
 
 
Figure 2.27. 11B{1H} (top) and 11B (bottom) NMR spectra of 6,9-(C5H11)2-5-I-B10H11 
(2.5). 
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Figure 2.28.  1H{11B} NMR spectrum 6,9-(C5H11)2-5-I-B10H11 (2.5).   
 
 
Figure 2.29.  Crystallographically determined structure of 2.5.  Selected distances (Å) 
and angles (deg): I1–B5, 2.180(2); B6–C1, 1.571(3); B9–C6, 1.571(3); B5–B6, 1.816(3); 
B6–B7, 1.800(3); B7–B8, 1.960(4); B8–B9, 1.804(3); B9–B10, 1.800(3); B5–B10, 
1.977(3); B4–B9, 1.736(3);  B2–B6, 1.736(3); B2–B5, 1.795(3); B2–B7, 1.796(3); B3–
B7, 1.755(3); B1–B10, 1.764(3); B4–B10, 1.790(3); B6–B5–I1, 118.76(14); B2–B5–B6, 
57.48(12); B4–B10–B9, 57.83(13); B7–B6–B5, 102.33(15); B10–B9–B8, 103.67(16); 
C2–C1–B6, 112.59(16); C6–B9–B4, 129.98(19); C1–B6–B2, 130.18(18). 
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2.3.2.4 Formation of Lewis Acid-Lewis Base Adducts at the 6- and 9-positions: 
Syntheses of arachno-6,9-(Me2S)2-5-X-B10H11 (X = TfO, Cl, Br, I) 
The 6 and 9 position of decaborane have Lewis acid properties.  As discovered 
earlier, Knoth and Mutteries showed that arachno-6,9-(Me2S)2-B10H12 forms upon 
reacting decaborane with two equivalents of dimethylsulfide.14  Although other routes to 
6,9-(Me2S)2-B10H12 have been achieved,
28,29 this is still the most efficient route for the 
synthesis of this complex.30,31 
 
Figure 2.30. Synthesis of arachno-6,9-(Me2S)2-B10H12. 
 
In 1967, Stibr made the first 5-X-6,9-(Me2S)2-B10H11 (X = F, Br, I) compounds.
32  
He showed that when decaborane was halo-substituted in the 5-position, 6,9-adduct 
formation with dimethyl- or diethyl- sulfide still occurred, to give the 5-X-6,9-(Me2S)2-
B10H11.  The crystal structure of 5-Br-6,9-Me2S-B10H11 was determined in 1983.
33  
When a large excess of dimethyl sulfide was added to a mixture of 5-TfO-B10H13 
in toluene and the mixture stirred for 3 h at room temperature, a white precipitate of 6,9-
(Me2S)2-5-TfO-B10H11 (2.6) formed (Figure 2.31).  The compound was filtered in air to 
give 2.6 in 70% yield.   
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Figure 2.31.  Synthesis of 6,9-(Me2S)2-5-TfO-B10H11. 
 
The 11B NMR spectra of 2.6 (Figure 2.32) are consistent with C1 symmetry, 
displaying 8 resonances (two with intensity two at –5 and –20 ppm).  A singlet, indicative 
of the triflate substituted-B5, is found at –5 ppm.  DFT/GIAO calculations at B3LYP/6-
311G(d) for 2.6 are given in the Figure 2.32 caption and are in good agreement with the 
experimental data.  The 1H{11B} NMR spectrum of 2.6 (Figure 2.33) also showed C1 
symmetry, with the 2 different BHB-bridging resonances observed upfield of 0.0 ppm.  
Additionally, the 4 resonances for the methyl groups again indicate C1 symmetry.  A 
single crystal X-ray diffraction study confirmed 2.6 as 6,9-(Me2S)2-5-TfO-B10H11 (Figure 
2.34).   
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Figure 2.32. 11B{1H} (top) and 11B (bottom) NMR spectra of 6,9-(Me2S)2-5-TfO-B10H11 
(2.6).  DFT/GIAO calculated 11B NMR shifts (assign) –2.8 (B2), –5.3 (B4), –5.8 (B5), –
22.0 (B10), –22.3 (B7), –23.4 (B8), –23.8 (B9), –25.0 (B6), –38.4 (B1), –44.8 (B3) ppm. 
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Figure 2.33. 1H{11B} spectrum of 6,9-(Me2S)2-5-TfO-B10H11 (2.6). 
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Figure 2.34.  Crystallographically determined structure of 2.6.  Selected distances (Å) 
and angles (deg): B5–O1, 1.497(2); B6–S1, 1.9143(19); B9–S2, 1.917(2); B5–B6, 
1.829(3); B6–B7, 1.883(3); B7–B8, 1.863(3); B8–B9, 1.866(3); B9–B10, 1.850(3); B5–
B10, 1.864(3); B4–B9, 1.743(3); B2–B6, 1.746(3); B1–B5, 1.753(3); B1–B5, 1.767(3); 
B2–B5, 1.757(3); B3–B7, 1.778(3); S3–O2, 1.412(2); S3–O1, 1.5117(14); S3–O3, 
1.4067(18); B5–O1–S3, 127.90(12); O1–B5–B6, 122.96(14); O1–B5–B10, 118.87(15); 
C2–S1–B6, 102.97(10); C1–S1–B6, 105.43(10); C4–S2–B9, 102.66(10); C3–S2–B9, 
104.71(10); B4–B9–S2, 106.40(12); B10–B9–B8, 105.11(13); B5–B6–B7, 103.88(13); 
B2–B6–S1, 107.95(12). 
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The 5-X-B10H13 (X = Cl, Br, I) derivatives were also found to form adducts upon 
reaction with dimethylsulfide.  The syntheses of 6,9-(Me2S)2-5-X-B10H11 (X = Br (2.8), I 
(2.9)) were previously reported, but with minimal characterization details.32  The 6,9-
(Me2S)2-5-Cl-B10H11 (2.7) has not been previously reported.  As shown in Figure 2.35 
(for 2.7), the 11B NMR spectra of 2.7-2.9 were similar to that of 2.6.  The singlet 
resonance of 6,9-(Me2S)2-5-X-B10H11 appears at progressively higher ﬁeld as the 
electronegativity of the halogen decreases (Cl: –9 ppm, Br: –16 ppm, I: –31 ppm).11  A 
similar trend was observed for the 5-X-B10H13 compounds.  The triflate resonance 
appears even lower at  –6 ppm.   
The crystal structures of 2.7 and 2.9 are shown in Figure 2.36 and Figure 2.37, 
respectively.  The crystal structure of 2.8 was previously reported.33  The B5–O1 bond 
distance is 1.497(2) Å compared to B5–Cl1 of 1.830(3) Å, Br–B(5) of 1.95(1) Å,33 and 
B5–I1 of 2.2051(13) Å.  2.6, 2.7, and 2.9 have similar cage bond distances to the parent 
6,9-(Me2S)2-B10H12, even in the S–B6/9 bond lengths of ~1.910 Å.34  
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Figure 2.35. 11B{1H} (top) and 11B (bottom) NMR spectra of 6,9-(Me2S)2-5-Cl-B10H11 
(2.7).  DFT/GIAO calculated shifts 11B NMR (assign) 3.0 (B2), –3.5 (B4), –6.3 (B5), –
20.7 (B10), –21.8 (B7), –23.2 (B9), –23.7 (B8), –23.8 (B6), –38.1 (B1), –42.1 (B3) ppm. 
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Figure 2.36.  Crystallographically determined structure of 2.7.  Selected distances (Å) 
and angles (deg): B5–Cl1, 1.830(3); B6–S1, 1.909(3); B9–S2, 1.905(3); B5–B10, 
1.865(4); B5–B6, 1.836(4); B6–B7, 1.868(4); B7–B8, 1.872(4); B8–B9, 1.868(4); B9–
B10, 1.860(4); B4–B9, 1.746(4); B2–B6, 1.744(4); B1–B5, 1.780(4); B2–B5, 1.758(4); 
B2–B7, 1.746(4); B3–B7, 1.776(4); Cl1–B5–B6, 119.61(18); B10–B9–B8, 105.12(19); 
B5–B6–B7, 104.53(18); Cl1–B5–B10, 120.19(17); C2–S1–B6, 101.32(13); C1–S1–B6, 
104.58(15); C4–S2–B9, 103.13(16); C3–S2–B9, 101.71(14). 
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Figure 2.37.  Crystallographically determined structure of 2.9.  Selected distances (Å) 
and angles (deg): B5–I1, 2.2051(13); B6–S1, 1.9110(13); B9–S2, 1.9090(13); B5–B6, 
1.8323(18); B5–B10, 1.8567(18); B6–B7, 1.8693(19); B7–B8, 1.8734(19); B8–B9, 
1.8641(19); B9–B10,  1.8526(19); B2–B6, 1.7493(18); B4–B9, 1.7461(18); B1–B5, 
1.7759(18); B2–B5, 1.7636(18); B3–B7, 1.7813(19); B2–B7, 1.7454(18); B6–B5–I1, 
120.23(8); B10–B5–I1, 119.22(7); B10–B9–B8, 105.30(9); B5–B6–B7, 104.38(8); C1–
S1–B6, 104.72(6); C4–S2–B9, 104.21(6); C2–S1–B6, 101.19(6); C3–S2–B9, 101.59(6). 
 
Similar to the reactivity seen for 6-Cl-B10H13 with dimethylsulfide,
32 when 6-TfO-
B10H13 was stirred with 2 equivalents of SMe2 in a toluene solution, neither the mono-
sulfide-functionalized compound, 6-TfO-9-Me2S-B10H12, nor 2.6 were formed, but 
instead some 6,9-(Me2S)2-B10H12, as well as unreacted 6-TfO-B10H13 were present in 
solution.  
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2.3.2.4.1 Alkyne reactions with 6,9-(Me2S)2-5-X-B10H11: Syntheses of Triflate/Halo 
Functionalized Ortho-Carboranes 
Owing to their high boron contents and excellent chemical and thermal stabilities, 
ortho-carboranes (1,2-C2B10H12) are attractive building blocks for the construction of 
new compounds with potential materials and/or biomedical applications.  However, the 
ultimate utility of the ortho-carboranes depends on the development of methods for their 
vertex-specific functionalization.   
Deprotonation of the acidic C–H hydrogens in an ortho-carborane, followed by 
reaction with an electrophile is a well-known method for the synthesis of C-substituted 
ortho-carboranes (1-R-2-R’-1,2-C2B10H11, R = alkyl, aryl, H) (Figure 2.38).35,36   
 
 
Figure 2.38.  Example of C-functionalization. 
 
C-substituted cages have also been synthesized through the reaction of 
decaborane (nido-B10H14) with terminal acetylenes in the presence of a Lewis base 
(Figure 2.39).37-39  A mechanism for the alkyne insertion was proposed in 1975,31 
involving initial Me2S dissociation with the alkyne then forming a 6-(RC≡CH)-9-(Me2S)-
B10H12 adduct.  The loss of the second dimethylsulfide allows insertion of the alkyne into 
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the open face of the decaborane.  Then with loss of H2 and minor cage rearrangement, the 
ortho-carborane structure is formed (Figure 2.40). 
 
 
Figure 2.39.  Synthesis and reactivity of reaction of a decaborane-Lewis base adduct. 
   
 
Figure 2.40. Potential alkyne insertion pathway to form ortho-carborane.  (B6 of 
decaborane becomes B3 of ortho-carborane, and B9 of decaborane become B6 of ortho-
carborane.) 
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 Both mono- and di-C-substituted ortho-carboranes have also been synthesized by 
the reaction of decaborane with terminal and internal alkynes in ionic liquids (IL) (Figure 
2.41).40,41  
 
Figure 2.41.  Synthesis of mono- and di-C-substituted ortho-carborane. 
 
In comparison to functionalization at carbon, substitution at the boron-vertices of 
ortho-carboranes is comparatively rare.  The halogenation of B-vertices has been carried 
out by reaction of 1,2-C2B10H12 with Cl2, Br2, and I2 alone or in the presence of AlCl3, 
AlBr3, or FeCl3 to give electrophilically halogenated ortho-carboranes.  The substitution 
pattern correlates with the more negative boron atoms (9, 12, 8, and 10) being 
functionalized first (Figure 2.42).35,42-46 
 
Figure 2.42.  Halogenated ortho-carborane (X = Cl, Br, I). 
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B-Halogenated cages have also been synthesized through the insertion of BX2+ 
units into nido-C2B9H11
2– to give 3-X-1,2-C2B10H11 (Figure 2.43).
47-49  Acetylene 
insertion into the B-halogenated species arachno-6,9-(Et2S)2-2-Br-B10H11 provided 8-Br-
1,2-C2B10H11 in 68.7% yield (Figure 2.44).
25,50  This result suggested that other B-
functionalized decaborane derivatives could be employed as precursors to B-
functionalized ortho-carboranes.   
 
Figure 2.43.  Insertion of BX into C2B9H11
2–. 
 
 
Figure 2.44.  Synthesis of 8-Br-1,2-C2B10H11. 
 
The triflate group (CF3SO3
–, TfO) is used as a pseudohalogen functional handle in 
chemistries including Pd-couplings, nucleophilic substitution, and SN2 reactions.  Before 
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the work described in this chapter, B-substitution of an ortho-carborane cage with triflate 
was unknown. 
Alkyl insertions into 6-R-substituted decaborane in biphasic ionic-liquid/toluene 
solutions have previously been shown to give high yields of the R-substituted ortho-
carborane,51 3-R-1,2-C2B10H10.  However, the use of this method was unsuccessful for 
reactions with either 5- or 6-X-B10H13 (X = TfO, Cl).  Alkyne insertion did occur, but 
loss of the halogen or triflate was observed, to give only the carbon substituted ortho-
carborane (Figure 2.45).   
 
 
Figure 2.45.  Alkyne insertions carried out in ionic liquids. 
 
Due to the lack of substituent retention in the ionic liquid reactions, a more 
traditional ortho-carborane synthetic method was investigated.  As summarized in Table 
2.15, 6,9-(Me2S)2-5-TfO-B10H11 was found to react with a variety of terminal alkynes to 
give the corresponding 1-R-TfO-1,2-C2B10H10 ortho-carborane derivatives (Figure 2.46).  
In the reaction, 6,9-(Me2S)2-5-TfO-B10H11 was stirred with 3 equivalents of 
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corresponding alkyne in dry toluene at 70 °C until all the 6,9-(Me2S)2-5-TfO-B10H11 was 
consumed.  After evaporation of the solvent, the remaining oily residue was extracted 
with hexane to give the crude ortho-carborane.  The compounds were eluted through a 
silica gel column using hexanes/CH2Cl2 as the eluent to give the carboranes in 50-65% 
isolated yields.  All products were obtained as clear oils at room temperature. 
 
Figure 2.46.  General synthesis of 1-R-4-TfO-1,2-C2B10H10. 
 
Table 2.15.  Summary of 1-R-4-TfO-1,2-C2B10H10 Syntheses. 
6,9-(Me2S)2-5-X-
B10H11 
Alkyne Product 
% 
Yield 
 
 
2.10 
57 
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2.11 
53 
 
 
2.12 
63 
 
 
2.13 
51 
 
 
2.14 
53 
 
 
2.15 
52 
 
  
The 11B NMR spectra of 1-R-4-TfO-1,2-C2B10H10 all have one downfield singlet 
resonance, in the 0.9 to –1.0 ppm range, corresponding the TfO-substitute boron (B4).  
Representative 11B NMR spectra are shown in Figure 2.47 for 1-(CH3COOCH2)-4-TfO-
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1,2-C2B10H10 (2.14).  DFT/GIAO calculations (B3LYP/6-311G(d)) allowed the 
assignment of the resonances for 2.10, 2.11, 2.12, and 2.14.  
The structure of 2.11 was also confirmed by a single crystal X-ray diffraction 
study, from crystals grown at –20 °C in pentane (Figure 2.48).  When the bond lengths of 
the triflated carborane are compared the bond lengths in a non-triflated carborane with a 
similar carbon substituent (1-(3-HC≡CC6H4)-1,2-C2B10H11),18 no major differences are 
observed.  The B4-triflate oxygen distance (1.451(3) Å) of 2.11 is similar to that 
observed for 5-TfO-B10H13 (1.447(4) Å). 
 
 
Figure 2.47. 11B{1H} (top) and 11B (bottom) NMR spectra of 1-(CH3COOCH2)-4-TfO-
1,2-C2B10H10 (2.14).  DFT/GIAO calculated 
11B NMR shifts (assign) –1.9 (B4), –4.8 
(B8), –5.1 (B12), –9.9 (B7), –11.9 (B9), –14.2 (B3), –14.7 (B5), –17.4 (B11), –18.3 (B6), 
–20.2 (B10) ppm. 
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Figure 2.48.  Crystallographically determined structure of 2.11.  Selected distances (Å) 
and angles (deg): B4–O1, 1.451(3); C1–C13, 1.506(3); C1–C2, 1.671(4); C1–B6, 
1.696(4); C1–B4, 1.722(4); C1–B5, 1.726(4); C1–B3, 1.750(4); C2–B6, 1.702(4); C2–
B11, 1.714(4); C2–B7, 1.721(4); C2–B3, 1.729(4); B3–B8, 1.769(4); B3–B7, 1.771(4); 
B3–B4, 1.782(4); B4–B9, 1.767(4); B4–B8, 1.772(4); B4–B5, 1.777(4); B5–B6, 
1.759(4); B5–B10, 1.776(4); B5–B9, 1.781(4); B6–B10, 1.745(4); B6–B11, 1.746(4); 
B7–B12, 1.774(5); B7–B11, 1.776(5); B7–B8, 1.784(4); B8–B12, 1.783(4); B8–B9, 
1.794(4); B9–B10, 1.788(4); B9–B12, 1.791(5); B10–B11, 1.775(5); B10–B12, 1.785(5); 
B11–B12, 1.768(5); B4–O1–S1, 130.45(16); C13–C1–C2, 119.9(2); C13–C1–B4, 
122.0(2).   
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Although only one product is observed in the alkyne insertion reaction with 5-
TfO-6,9-(Me2S)2-B10H11, the previously proposed pathway
31 for alkyne insertion with 
6,9-(Me2S)2-B10H12 (Figure 2.40) would suggest the possibility of the formation of two 
different isomers, 1-R-4-X-1,2-C2B10H10 and 2-R-4-X-1,2-C2B10H10, depending on the 
orientation of the alkyne during the insertion (Figure 2.49).  In the 2-R-4-X-1,2-C2B10H10 
isomer, the H-substituted carbon is adjacent to the B-X, while in the 1-R-4-X-1,2-
C2B10H10 isomer the R-substituted carbon is adjacent to the B-X.  The DFT calculated 
energies for this isomer indicate that the 2-R-4-X-1,2-C2B10H10 product is lowest in 
energy (Table 2.16).  However, in all cases for the triflate compounds only one product 
was observed and the crystallographic determination of 2.11 confirmed the formation of 
the 1-R-4-X-1,2-C2B10H10 isomer. Likewise, both the NMR data and thin layer 
chromatographic analyses of the other triflated products of alkyne insertion into 6,9-
(Me2S)2-5-TfO-B10H11 were consistent with the formation of only one isomer.  
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Figure 2.49.  Possible formation of two carborane isomers, (B6 of decaborane becomes 
B3 of ortho-carborane and B9 of decaborane become B6 of ortho-carborane.) 
 
Table 2.16.  Calculated electronic energies at B3LYP/6-311G(d) for 1-Me-4-TfO-1,2-
C2B10H11 and 2-Me-4-TfO-1,2-C2B10H11 isomers. 
 Electronic Energy 
 E (Hartrees) 
ΔE 
(kcal/mol) 
1-Me-4-TfO-1,2-C2B10H10 –1332.260927 +0.00 
2-Me-4-TfO-1,2-C2B10H10 –1332.262615 –1.05 
 
 Alkyne insertion into 6,9-(Me2S)2-5-X-B10H11 (X = Cl (2.5), Br (2.6)) also gave 
only one isomer (Table 2.17).  As seen with the triflate derivatives, the NMR data and 
thin layer chromatographic analyses were consistent with the formation of the 1-R-4-X-
1,2-C2B10H10 isomer.  The 
11B NMR spectra for 2.16 showed a singlet corresponding to 
B4 at –2.6 ppm and the spectra for 2.17 and 2.18 (Figure 2.50) showed the B4 singlet at –
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9.4 and –9.8 ppm, respectively. Compared to the triflate spectra, which had the most 
down field shift, the singlet of the BX is shifted to higher fields as the electronegativity of 
the halogen decreases.  This is similar to the trend seen for 5-X-B10H13 and 6,9-(Me2S)2-
5-X-B10H11.  The final assignment for the 
11B NMR spectra of 2.16 was made based on 
DFT/GIAO calculations (B3LYP/6-311G(d)), listed in the experimental section.  DFT 
analysis (Table 2.18) also showed that for Me-4-X-1,2-C2B10H10 (X = Cl, Br) the 1-
isomer was at higher energy (Cl: +0.16, Br: +0.27 kcal/mol) than the 2-isomer. 
 
Table 2.17. Summary of 1-R-4-X-1,2-C2B10H10 (X = Cl, Br) Syntheses. 
6,9-(Me2S)2-5-X-
B10H11 
Alkyne Product 
% 
Yield 
 
 
2.16 
39 
 
 
2.17 
57 
 
 
2.18 
47 
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Figure 2.50. 11B{1H} (top) and 11B (bottom) NMR spectra of 1-(CF3C6H4)-4-Br-1,2-
C2B10H10 (2.18). 
 
Table 2.18. Relative electronic energies at B3LYP/6-311G(d) for 1-Me-4-X-1,2-
C2B10H10  and 2-Me-4-X-1,2-C2B10H10 (X = Cl, Br). 
 Electronic Energy 
 E (Hartrees) 
ΔE 
(kcal/mol) 
1-Me-4-Cl-
1,2-C2B10H10 
–830.927195 0.00 
2-Me-4-Cl-
1,2-C2B10H10 
–830.927448 –0.16 
   
1-Me-4-Br-
1,2-C2B10H10 
–2944.842881 0.00 
2-Me-4-Br-
1,2-C2B10H10 
–2944.843312 –0.27 
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However, when 6,9-(Me2S)2-5-I-B10H11 was reacted with 3 equivalents of alkyne, 
two isomers were formed, 1-R-4-I-1,2-C2B10H10, and 2-R-4-I-1,2-C2B10H10 (Figure 2.51).  
In the case where phenylacetylene was the reactant, separation by column 
chromatography showed the formation of two isomers, 2.19 and 2.20, in approximately a 
3:2 ratio, respectively.  The corresponding product ratios for 2.21 and 2.22 were 10:1, 
and for 2.23 and 2.24 were 3:1.  A very tentative assignment of the isomers (Table 2.19) 
was based on the best match with the 11B NMR DFT calculated 11B shifts of B4 in 1-Me-
4-X-1,2-C2B10H10 and 2-Me-4-X-1,2-C2B10H10 (X = TfO, Cl, Br, I). The 1-isomer B4 
shift was in all cases slightly more down field (Table 2.20).  Although the exact values 
are not well matched, the numerical trend of the substituted boron gives some guidance.  
Accordingly, the 11B NMR spectra of 2.19 showed a singlet at –22.6 compared to the 
singlet at –27.0 ppm of 2.20, leading to their assignment as 1-Ph-4-I-1,2-C2B10H10 and 2-
Ph-4-I-1,2-C2B10H10, respectively.  There is a similar trend for the cage-CH peaks in the 
1H NMR spectra, with the 1-isomer having a cage-CH resonance more upfield than the 2-
isomer.  For example, the CH peak of 2.23 (4.05 ppm) is upfield compared to that of 2.24 
(4.28 ppm), again matching the trend in the DFT calculated C-H resonances (Table 2.20).  
The DFT calculated electronic energies for each of the isomers are listed in Table 2.21.  
Regardless of the exact assignments of 1-R-4-I-1,2-C2B10H10 and 2-R-4-I-1,2-C2B10H10 it 
is clear that in the case of I, two isomers are produced.  
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Figure 2.51.  Reactivity of 6,9-(Me2S)2-5-I-B10H11 with terminal acetylenes. 
 
Table 2.19. Summary of 1-R-4-I-1,2-C2B10H10 and 1-R-3-I-1,2-C2B10H10 Syntheses. 
6,9-(Me2S)2-5-X-B10H11 Alkyne Product 
 
 
 
        2.19             2.20 
 
 
 
         2.21            2.22 
  
 
       2.23               2.24 
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Table 2.20.  DFT calculated B4 11B NMR shift of 1-Me-4-X-1,2-C2B10H10 vs. 2-Me-4-X-
1,2-C2B10H10. (B3LYP/6-311G(d) for B, H, C, O, F, S, Cl, and Br atoms, and the SDD 
psuedopotential for I.) 
 
DFT calculated B4 
11B NMR shift (ppm) 
DFT calculated CH 
1H NMR shift (ppm) 
1-Me-4-TfO-1,2-C2B10H10 –1.6 4.1 
2-Me-4-TfO-1,2-C2B10H10 –2.8 5.2 
   
1-Me-4-Cl-1,2-C2B10H10 –0.8 4.0 
2-Me-4-Cl-1,2-C2B10H10 –1.7 4.1 
   
1-Me-4-Br-1,2-C2B10H10 –0.5 4.3 
2-Me-4-Br-1,2-C2B10H10 –1.9 5.5 
   
1-Me-4-I-1,2-C2B10H10 –2.6 3.9 
2-Me-4-I-1,2-C2B10H10 –4.4 4.0 
 
 
Table 2.21.  DFT calculated electronic energy of 1-Me-4-I-1,2-C2B10H10 and 2-Me-4-I-
1,2-C2B10H10. (B3LYP/6-311G(d) for B, H, and C and the SDD psuedopotential for I.) 
 Electronic Energy 
 E (Hartrees) ΔE (kcal/mol) 
1-Me-4-I-1,2-C2B10H10 –382.104664 0.00 
2-Me-4-I-1,2-C2B10H10 –382.104519 +0.09 
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2.3.2.4.2 Cage-closing reactions of 6,9-(Me2S)2-5-X-B10H11: Syntheses of closo-1-
B10H9X2– and closo-2-B10H9X2– 
Strauss showed that B10H10
2– could not be fluorinated by liquid anhydrous 
hydrogen fluoride, a technique that worked for other closo anions, such as CB11H12
–, 
CB9H10
–, and B12H12
2–.  Instead, when he used N-chloromethyl-N-
fluorotriethylenediammonium bis(tetrafluoroborate) (F-TEDA), fluorination of B10H10
2– 
occurred under mild conditions to give 2-F-B10H9
2–
 (Figure 2.52).
52  By varying the 
solvent in the reaction (H2O, DMF or CNMe), up to three fluorinations occurred to 
produce 1-F-B10H9
2–, 2-F-B10H9
2–, 1,2-F2-B10H8
2–, 1,6-F2-B10H8
2–, 1,10-F2-B10H8
2–, and 
1,2,10-F3-B10H7
2–, with the highest ratio of 1,2,10-F3-B10H7
2– forming when acetonitrile 
was the solvent.53 
 
 
Figure 2.52. Synthesis of 2-F-B10H9
2–. 
 
Halogenated decaborates, closo-Xn-B10H10-n
2– (X = F, Cl, Br, I), have also 
previously been synthesized by reactions of B10H10
2– salts with chlorine, bromine, or 
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iodine to give mixtures of chlorinated (n = 1-10), brominated (n = 1-6), and iodinated (n 
= 1-4) derivatives, respectively.3   
Mono-substituted closo-2-X-B10H9
2– (X = F, Br, I) derivatives have been reported 
as the products of the reactions of 5-X-6,9-(Me2S)2-B10H11 with liquid ammonia (Figure 
2.53).32  
 
Figure 2.53. Synthesis of closo-2-X-B10H9
2– (X = F, Br, I). 
  
When 6,9-(Me2S)2-5-X-B10H11 (X = Cl, Br, I) was stirred with excess 
triethylamine, the corresponding [Et3NH
+]2[2-X-B10H9
2–] (2.29-2.31) compounds were 
each formed in over 90% yields (Figure 2.54).    
 
Figure 2.54.  Synthesis of [Et3NH
+]2[closo-2-X-B10H9
2–]. 
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The reaction of 6,9-(Me2S)2-5-TfO-B10H11 with excess triethylamine was found to 
produce both the [Et3NH
+]2[1-TfO-B10H9
2–] (2.25) and [Et3NH
+]2[2-TfO-B10H9
2–] (2.26) 
isomers in 30 and 64% yields, respectively (Figure 2.55).  Likewise, the reaction of 6,9-
(Me2S)2-5-TfO-B10H11 with liquid ammonia gave [NH4
+]2[1-TfO-B10H9
2–] (2.27) (40% 
yield) and [NH4
+]2[2-TfO-B10H9
2–] (2.28) (52% yield).  The differences in electronic 
energies for the 1-X vs. 2-X-isomers (X = TfO, Cl, Br) are listed in Table 2.22.  
 
 
Figure 2.55.  Synthesis of closo-1-TfO-B10H9
2– and closo-2-TfO-B10H9
2–. 
 
Table 2.22. DFT calculated electronic energy of 1-X-B10H9
2– and 2-X-B10H9
2–. 
 Electronic Energy 
 E (Hartrees) ΔE (kcal/mol) 
1-TfO-B10H9
2– –1215.609294 0.00 
2-TfO-B10H9
2– –1215.610050 –0.47 
   
1-Cl-B10H9
2– –714.252985 0.00 
2-Cl-B10H9
2– –714.251890 +0.69 
   
1-Br-B10H9
2– –2828.173148 0.00 
2-Br-B10H9
2– –2828.172154 +0.62 
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 Consistent with its Cs symmetry, the 
11B NMR spectra of the [1-TfO-B10H9
2–] 
anion (2.25 and 2.27) showed 4 resonances with a 1:1:8 ratio (Figure 2.56), with the 
experimentally observed shifts matching their DFT calculated values.  Additionally, the 
11B NMR shifts are in the same range as those observed for [1-I-B10H9
2–] (Table 2.23).19  
The 1H NMR spectra of [1-TfO-B10H9
2–] (2.25 and 2.27) showed 5 B-H resonances in a 
1:2:2:2:2 ratios, which is again consistent with Cs symmetry.   
 
 
Figure 2.56. 11B{1H} NMR spectrum of 1-TfO-B10H9
2–.  DFT/GIAO calculated 11B 
NMR shifts (assign) 20.8 (B1), –6.6 (B10), –29.1 (B5), –29.5 (B3), –29.9 (B4), –30.4 
(B2), –33.0 (B9), –33.4 (B7), –35.0 (B6), –35.8 (B8) ppm. 
 
Table 2.23.  11B NMR shifts of 1-TfO-B10H9
2– and 1-I-B10H9
2– (ppm (mult) int). 
1-TfO-B10H9
2– 1-I-B10H9
2– 
+19.7 (s) 1B 0 (d) 1B 
–8.6 (d) 1B –8.9 (s) 1B 
–32.5 (d) 8B 
–25.2 (d) 4B 
–28.8 (d) 4B 
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The 11B NMR spectrum of [2-TfO-B10H9
2–] (2.26 and 2.28) (Figure 2.57), had 7 
separate resonances (with the peak at –28.7 ppm having an intensity of 2 and the –31.4 
ppm peak of intensity of 3), consistent with C1 symmetry, and are in the range of the 
shifts observed for the halogenated derivatives (Table 2.24).19  The triflate-substituted B2 
boron is observed as a broad singlet at –1.1 ppm, in agreement with its DFT/GIAO 
calculated downfield shift.  The 1H NMR spectra of [2-TfO-B10H9
2–] (26 and 28) showed 
9 resonances, which is again consistent with C1 symmetry. The 
1H NMR spectra of 25-28 
also show peaks characteristic of the [Et3NH
+] and [NH4
+] cations.  
 
Figure 2.57.  11B{1H} NMR spectrum of 2-TfO-B10H9
2–. DFT/GIAO calculated 11B 
NMR shifts (assign) 1.5 (B2), –0.5 (B10), –10.6 (B1), –25.0 (B7/B8), –26.2 (B5), –28.2 
(B3), –31.8 (B6), –31.9 (B9), –34.1 (B4) ppm. 
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Table 2.24.  11B NMR shifts of 2-X-B10H9
2– (X = TfO, Cl, Br, I) (ppm (mult) int/(assgn)). 
2-TfO-B10H9
2– 2-Cl-B10H9
2– 2-Br-B10H9
2– 2-I-B10H9
2– 
–1.1 (s) 1B –2.0 (d) (1, 10) –1.6 (d) (1, 10) –0.6 (d) (1, 10) 
–2.2 (d) 1B –9.2 (s) (2) –13.2 (s) (2) –25.6 (d) (3, 5, 6, 9) 
–5.2 (d) 1B –24.4 (d) (3, 5, 6, 9) –24.6 (d) (3,5) –26.5 (d) (2, 7, 8) 
–23.4 (d)  1B –27.4 (d) (7, 8) –25.6 (d) (6, 9) –28.8 (d) (4) 
–24.8 (d) 1B –30.8 (d) (4) –27.3 (d) (7, 8)  
–28.7 (d) 2B  –30.1 (d) (4)  
–31.4 (d) 3B    
 
The assignment of [NH4
+]2[1-TfO-B10H9
2–] (2.27) was confirmed by a single 
crystal X-ray diffraction study (Figure 2.58).  The B1–O1 bond distance (1.487(3) Å) for 
[1-TfO-B10H9
2–] is similar to that observed for 5-TfO-B10H13 (1.447(4) Å).  Preetz and 
Nachtigal reported the crystal structure of dipyridiniomethane [1-X-B10H9
2–].55  Its cage 
distances are similar to 2.27, indicating the substituent has little effect on bonding within 
the cage.  Preetz and Nachtigal also reported the structure of dipyridiniomethane [2-X-
B10H9
2–] (X = Cl, Br, I),54 the difference in functionalized position does not appear to 
affect the bonding within the cage, as all the bond distance of 2.27 are comparable to [2-
X-B10H9
2–], with 2-Cl-B10H9
2– most closely matching.   
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Figure 2.58.  Crystallographically determined structure of 2.27.  Selected distances (Å) 
and angles (deg): B1–O1, 1.487(3); B1–B2, 1.678(4); B1–B5, 1.681(4); B1–B4, 
1.682(4); B1–B3, 1.683(4); B2–B9, 1.804(4); B2–B6, 1.818(4); B2–B5, 1.841(5); B2–
B3, 1.848(5); B3–B6, 1.803(4); B3–B7, 1.805(5); B3–B4, 1.845(5); B4–B8, 1.815(4); 
B4–B7, 1.822(4); B4–B5, 1.846(5); B5–B8, 1.810(4); B5–B9, 1.811(4); B6–B10, 
1.701(5); B6–B7, 1.834(5); B6–B9, 1.837(5); B7–B10, 1.708(5); B7–B8, 1.844(5); B8–
B10, 1.701(4); B8–B9, 1.843(5); B9–B10, 1.701(4); S1–O3, 1.403(2); S1–O2, 1.407(2); 
S1–O1, 1.5375(17); B1–O1–S1, 129.28(18); O1–B1–B2, 132.2(3); O1–B1–B4, 125.7(2); 
O1–B1–B3, 126.6(2); O1–B1–B5, 131.7(2). 
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2.5 Conclusions 
 This chapter reported the development of several high yield pathways to 5-TfO-
B10H13 (Figure 2.59).  Hawthorne previously synthesized 6-TfO-B10H13 from the reaction 
of B10H10
2– in a triflic acid solution at room temperature;9 however, we showed that when 
the reaction was carried out in the presence of the ionic liquid, bmimOTf, at 50 °C, the 5-
TfO-B10H13 isomer was produced in good isolated yields (64%).  Our studies then 
demonstrated that the reason for the difference was that 6-TfO-B10H13 thermally 
isomerizes to 5-TfO-B10H13 at 50 °C in ionic liquid or at 85 °C in toluene.  We also 
demonstrated that a base-catalyzed isomerization, previously observed for the 
isomerization of 6-X-B10H13 to 5-X-B10H13 (X = Cl, Br, I), could be used to convert 6-
TfO-B10H13 to 5-TfO-B10H13. 
 
 
Figure 2.59.  Synthesis of 5-TfO-B10H13. 
 
263 
 
The new routes to 5-TfO-B10H13 allowed for a systematic exploration of its 
reactivity and potential use as a starting material for the syntheses of other important 
polyboranes.  It was shown that (1) it is readily deprotonated to 5-TfO-B10H12
– by Proton 
Sponge, (2) it can undergo alcohol and phenol substitution reactions with ROH (R = Me, 
(C6H4)OMe) to give 6-RO-B10H13, (3) it hydroborates olefins in the presence of PtBr2 to 
form 6,9-R2-5-TfO-B10H11, and (4) it readily forms Lewis acid-base adducts, 5-TfO-6,9-
(Me2S)2-B10H11 (Figure 2.60).  Additionally, 5-TfO-6,9-(Me2S)2-B10H11 was found to 
undergo insertion reactions with alkynes and to generate the first B-substituted triflate-
ortho-carborane derivatives.  5-TfO-6,9-(Me2S)2-B10H11 showed enhanced reactivity for 
alkyne insertion compared to the 5-X-6,9-(Me2S)2-B10H11 (X = Cl, Br, I) halo-derivatives, 
giving higher yields and only producing one isomer.  5-TfO-6,9-(Me2S)2-B10H11 also 
underwent a cage-closing reaction to yield the first triflate-substituted decaborates: closo-
1-TfO-B10H10
2– and closo-2-TfO-B10H10
2–.  
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Figure 2.60.  Reactivity of 5-TfO-B10H13. 
 
The combined reactions of (1) the ionic liquid based synthesis of 5-TfO-B10H13, 
(2) its Lewis acid-base adduct formation to form 5-TfO-6,9-(Me2S)2-B10H11,  and (3) 
alkyne-insertion and base-promoted cage closure reactions, thus provide the first 
pathways to B-triflate-substituted ortho-carboranes and decaborates.  The triflate 
substituent on these clusters may now prove useful for the synthesis of functionalized 
carborane and decaborane derivatives by employing reactions, such as metal promoted 
cross-couplings to form B4-alkyl, aryl and alkenyl derivatives. 
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CHAPTER 3: Metal-Catalyzed Hydrogen Release from Ammonia Borane in Ionic 
Liquids 
3.1 Introduction 
Ammonia borane (H3NBH3) has emerged as a potential candidate to meet the 
requirements of onboard chemical hydrogen storage systems.1-13  However, the 
challenges of finding a suitable method for releasing sufficient amounts of hydrogen at 
low temperatures in the required rates persists.   A general chemical equation to describe 
the decomposition of ammonia-borane and hydrogen release is: 
H3NBH3 → xH2 + BNH(6-2x)    (x = 0-3) 
where “x” is the mole equivalents of hydrogen released per mole of ammonia borane and 
“BNH(6-2x)” is a general formula for the left-over reaction residue.  In the case where 
there is complete dehydrogenation (x = 3), 19.5 wt% hydrogen is released. 
The potential advantages that ionic liquids provide (e.g. negligible vapor pressure, 
stability at elevated temperatures, and the ability to stabilize polar and ionic reaction 
intermediates and transition states) for ammonia borane based chemical hydrogen storage 
systems have been previously reported by Bluhm et al.2,3,8  It was shown that at 85 °C 
hydrogen release was significantly increased when ammonia borane was dissolved in 1-
butyl-3-methylimidazolium chloride and that the induction period for hydrogen release 
observed in the solid state was eliminated.   Significant improvements in both the rate and 
extent of ammonia borane hydrogen-release have now been achieved employing a variety 
of ionic liquids.    
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This chapter will discuss a further attempt to increase the rate of hydrogen release 
from both ammonia borane (H3NBH3) and dimethylamineborane (Me2HNBH3) by 
employing metal-catalysts in ionic liquids.14 
 
3.2 Experimental 
Materials.  All manipulations were carried out using standard high-vacuum or inert-
atmosphere techniques as described by Shriver.15  Ammonia borane (Aviabor 97% 
minimum purity) was ground into a free flowing powder using a commercial coffee 
grinder.   The diammoniate of diborane (DADB) was synthesized by the literature 
method.16  Me2HNBH3 (Aldrich, 97% minimum purity) was purified by sublimation.   
All ionic liquids, including 1-butyl-3-methylimidazolium chloride (bmimCl), 1-butyl-3-
methylimidazolium triflate (bmimOTf), 1-butyl-2,3-dimethylimidazolium chloride 
(bmmimCl), 1-ethyl-2,3-dimethylimidazolium ethylsulfate (emmimEtSO4), were dried by 
toluene azeotropic distillation to remove any moisture.  All metals, including 
[Rh(COD)Cl]2 (Aldrich), RhCl3 (Strem), NiCl2 (Aldrich), Ru(COD)Cl2 (Strem), and 
RuCl3 (Strem), Pd(DBA)2 (Acros), Ni(COD)2 (Strem), Ni2B (Cerac) were anhydrous and 
received dry under inert atmosphere.   Hg (Aldrich) was used as received and stored 
under inert atmosphere.  
Differential Scanning Calorimetry (DSC).  DSC analysis was carried out on a Setaram 
C80 calorimeter at Pacific Northwest National Laboratories.  Samples containing 50 mg 
ammonia borane and 50 mg bmimCl, with and without 2.5 mol% (20 mg) [Rh(COD)Cl]2 
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were loaded into two cells under N2 atmosphere.  The ramp rate was 1 °C/min and 
samples were taken to 85 °C. 
Automated Gas Burette Hydrogen Release Reaction.  The automated gas burette set 
up is shown in Figure 3.1,17 and allowed for rapid data collection of H2-release.  The 
reaction was carried out under inert gas at atmospheric pressure to mimic real world 
conditions. All-glass volumes were calibrated prior to H2-release measurement.  Volatiles 
produced during the reaction were trapped (cold trap: –78 °C), inserted between the 
reaction flask and burette.  The H2 stream flowed through the system and collected at the 
top of the oil-filled burette. The displaced oil moved to an attached reservoir kept at 
atmospheric pressure   The pressure different at the top of the burette was tracked with a 
vacuum transducer and the temperature at three sites (oil bath, reaction flask, and 
burrette) was recorded with thermocouples.  All data were collected and processed on a 
program written in LabVIEW 8.5 by Zheng et al.17   
 In a typical reaction, ammonia borane (150 mg, 4.87 mmol), Me2HNBH3 (150 
mg, 2.55 mmol), or DADB (100 mg, 1.62 mmol) was loaded into a ~100 mL flask under 
N2, with an equal mass of ionic liquid and, if used, 5 mol% of the metal catalyst.   The 
flask was attached to the burette apparatus under flow of nitrogen gas.  The system was 
equilibrated to atmospheric pressure.   The flask was immersed in a hot oil bath at the 
desired temperature, and H2 measurements were taken every 3 seconds.  Typical data sets 
are presented in Table 3.1. 
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Figure 3.1. Automated gas burette. 
 
Preparative Scale Me2HNBH3 Reactions.   Me2HNBH3 (200 mg, 3.4 mmol) and 2.5 
mol% [Rh(COD)Cl]2 (42 mg, 0.8 mmol) were mixed in bmimCl (200 mg) in a 200 mL 
flask equipped with a cold finger, and the contents then evacuated.  While maintaining 
constant vacuum, the reaction was stirred at 65 °C for 5 h.  The cold finger was cooled to 
–78 °C and the product collected for 16 h, to give (Me2NBH2)2 in 86.3% yield (170 mg, 
1.5 mmol). 
11B NMR of Monoglyme Extracts.  In a typical reaction, an automated gas burette 
reaction was stopped at a desired point of hydrogen release.  Monoglyme was added to 
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the reaction flask and 11B NMR analysis was carried out to observe the soluble 
compounds in the reaction mixture at that point. 
In situ 11B NMR Studies.  The solution 11B NMR (128.4 MHz Bruker DMX-400) 
studies were carried out by heating ammonia borane, ionic liquid, and catalyst in a 
sealable NMR tube.  The reaction mixtures in the sealed NMR tubes were heated at the 
desired temperature for the indicated times (the samples were cooled to room temperature 
when the spectra were taken).   In a typical in situ 11B-NMR reaction, ammonia borane 
(50 mg, 1.6 mmol) was loaded into a sealable NMR tube along with 10 mol% metal and 
450 mg of ionic liquid under argon.  The starting materials were then mixed together with 
a length of steel wire.   The NMR tube was then sealed and immersed in a hot oil bath 
and held at the desired temperature.   It was necessary to periodically “shake down” the 
reaction mixture during the first ten minutes of heating if the formation of H2 bubbles 
pushed some of the reaction mixture into the top of the NMR tube.   The NMR tube was 
periodically removed from the oil bath to collect 11B-NMR spectra of the reaction 
mixture.  All solution 11B chemical shifts are referenced to external BF3O(C2H5)2 (0.0 
ppm) with a negative sign indicating an upfield shift.    
Solid State 11B NMR.  Solid state 11B NMR analyses (at Pacific Northwest National 
Laboratories: 240 MHz machine spun at 12 kHz) were used to monitor insoluble products 
of reactions carried out in bmimCl.  All solid state 11B chemical shifts are referenced to 
external NaBH4 (–41 ppm) with a negative sign indicating an upfield shift.    
Mercury Catalyst Poisoning.  Catalysts poisoning experiments using mercury were 
carried out as described by Jaska et al.18  In a typical reaction, ammonia borane (150 mg, 
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4.87 mmol) or Me2HNBH3 (150 mg, 2.55 mmol), with 90 wt% bmimCl, a catalytic 
amount of metal-catalyst, and 70 equiv. Hg were stirred in a ~100 mL flask.  The reaction 
was halted at set times (2-3 d) and the flask contents were dissolved in glyme.   11B NMR 
analysis was employed for product determination. 
Catalyst Reuse Reactions.  Catalyst reuse studies were carried out by loading, under 
inert atmosphere, AB (50 mg, 1.6 mmol), bmimOTf (450 mg, 1.6 mmol, 90 wt%), and 
0.6 mol% catalyst ([Rh(COD)Cl]2 or Pd(DBA)2) into a sealable NMR tube.   The NMR 
tube was submerged into a 45 °C oil bath and left for 20 h.  Under inert conditions, a 
second amount of ammonia borane (50 mg, 1.6 mmol) was added to the reaction in the 
same vessel, and the reaction continued again at 45 °C under the same conditions to the 
first. 
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Table 3.1. H2-release data collection on automated gas burette from all with 50wt% 
bmimCl  and A: H3NBH3 and 2.5 mol% [Rh(COD)Cl]2 at 65 °C (first 2 h), B: H3NBH3 
and no catalyst at 65 °C (first 2 h), C: Me2HNBH3 and 2.5 mol% [Rh(COD)Cl]2 at 45 °C 
(first 2 h), and D: Me2HNBH3 and no catalyst at 45 °C (first 3 h). 
A B C D 
Time (h) Equiv. H2 Time (h) Equiv. H2 Time (h) Equiv. H2 Time (h) Equiv. H2 
0.00351 0 0.00378 0 0.00322 0.00124 0.00461 0 
0.00434 0.00117 0.00461 0.00085 0.00405 0.00157 0.006 0.00358 
0.00517 0.00047 0.00545 0.00209 0.00489 0.00189 0.00739 -0.002 
0.00601 0.00253 0.00628 0.00391 0.00572 0.00221 0.00878 -0.0052 
0.00684 0.00266 0.00711 0.00047 0.00655 0.00253 0.01017 -0.0018 
0.00767 0.002 0.00795 0.00219 0.00739 0.00285 0.01156 -0.0038 
0.00851 0.0019 0.00878 -8E-05 0.00822 0.00317 0.01295 -0.0004 
0.00934 0.00183 0.00961 0.00334 0.00905 0.0035 0.01434 -0.0044 
0.01017 0.00237 0.01045 -0.0005 0.00989 0.00382 0.01572 -0.0069 
0.01101 0.01831 0.01128 -6E-05 0.01072 0.00414 0.01711 -0.005 
0.01184 0.06786 0.01211 0.00228 0.01155 0.00446 0.0185 0.00119 
0.01267 0.0736 0.01295 0.00043 0.01239 0.00478 0.01989 0.00269 
0.01351 0.07063 0.01378 -0.0023 0.01322 0.0051 0.02128 0.06352 
0.01434 0.0543 0.01461 -0.0009 0.01405 0.00543 0.02267 0.06443 
0.01517 0.04 0.01545 0.00061 0.01489 0.00575 0.02406 0.05005 
0.01601 0.03541 0.01628 -0.0047 0.01572 0.00607 0.02545 0.04386 
0.01684 0.03437 0.01711 -0.0004 0.01655 0.00639 0.02684 0.04017 
0.01767 0.03507 0.01795 0.0033 0.01739 0.00671 0.02822 0.04463 
0.01851 0.0363 0.01878 0.02123 0.01822 0.00703 0.02961 0.02118 
0.01934 0.03505 0.01961 0.0558 0.01905 0.00736 0.031 0.02226 
0.02017 0.03583 0.02045 0.04755 0.01989 0.00768 0.03239 0.02966 
0.02101 0.03922 0.02128 0.04862 0.02072 0.008 0.03378 0.01648 
0.02184 0.04156 0.02211 0.03834 0.02155 0.00832 0.03517 0.01078 
0.02267 0.04351 0.02295 0.02876 0.02239 0.00864 0.03656 0.00638 
0.02351 0.04529 0.02378 0.01603 0.02322 0.00897 0.03795 0.01446 
0.02434 0.04715 0.02461 0.01339 0.02405 0.00929 0.03934 0.00904 
0.02517 0.04981 0.02545 0.01136 0.02489 0.00961 0.04072 0.0039 
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0.02601 0.05272 0.02628 0.01479 0.02572 0.00993 0.04211 0.00228 
0.02684 0.0534 0.02711 0.00743 0.02655 0.01025 0.0435 0.00632 
0.02767 0.05681 0.02795 0.01202 0.02739 0.01057 0.04489 0.00158 
0.02851 0.06039 0.02878 0.0006 0.02822 0.0109 0.04628 0.00096 
0.02934 0.06433 0.02961 0.00211 0.02905 0.01122 0.04767 0.00328 
0.03017 0.06732 0.03045 0.00278 0.02989 0.01154 0.04906 -0.0004 
0.03101 0.07116 0.03128 -0.0001 0.03072 0.01186 0.05045 0.00146 
0.03184 0.07678 0.03211 -0.0014 0.03155 0.01218 0.05184 -0.0023 
0.03267 0.08121 0.03295 -0.0049 0.03239 0.0125 0.05322 -0.0058 
0.03351 0.08419 0.03378 -0.0165 0.03322 0.01283 0.05461 -0.0059 
0.03434 0.0861 0.03461 -0.0135 0.03405 0.01315 0.056 -0.0046 
0.03517 0.09209 0.03545 -0.0103 0.03489 0.01347 0.05739 -0.005 
0.03601 0.0964 0.03628 -0.0025 0.03572 0.01379 0.05878 -0.0048 
0.03684 0.09916 0.03711 -0.0136 0.03655 0.01411 0.06017 -0.005 
0.03767 0.10429 0.03795 -0.0147 0.03739 0.01444 0.06156 -0.0051 
0.03851 0.10405 0.03878 -0.0121 0.03822 0.01476 0.06295 -0.006 
0.03934 0.10907 0.03961 -0.014 0.03905 0.01508 0.06434 -0.0051 
0.04017 0.10928 0.04045 -0.0106 0.03989 0.0154 0.06572 -0.0039 
0.04101 0.11458 0.04128 -0.0136 0.04072 0.01572 0.06711 -0.0016 
0.04184 0.11642 0.04211 -0.0143 0.04155 0.01604 0.0685 -0.0049 
0.04267 0.10961 0.04295 -0.016 0.04239 0.01637 0.06989 -0.0037 
0.04351 0.12515 0.04378 -0.0157 0.04322 0.01669 0.07128 -0.003 
0.04434 0.12671 0.04461 -0.017 0.04405 0.01701 0.07267 -0.0047 
0.04517 0.12698 0.04545 -0.0179 0.04489 0.01733 0.07406 -0.0059 
0.04601 0.12187 0.04628 -0.0143 0.04572 0.01765 0.07545 -0.0072 
0.04684 0.12998 0.04711 -0.0165 0.04655 0.01797 0.07684 -0.0062 
0.04767 0.14085 0.04795 -0.0176 0.04739 0.0183 0.07822 -0.0077 
0.04851 0.14288 0.04878 -0.0142 0.04822 0.01862 0.07961 -0.0067 
0.04934 0.14686 0.04961 -0.0168 0.04905 0.01894 0.081 -0.0063 
0.05017 0.15077 0.05045 -0.0167 0.04989 0.01926 0.08239 -0.0083 
0.05101 0.15285 0.05128 -0.0162 0.05072 0.01958 0.08378 -0.0073 
0.05184 0.15587 0.05211 -0.019 0.05155 0.0199 0.08517 -0.0069 
0.05267 0.1588 0.05295 -0.0164 0.05239 0.02023 0.08656 -0.0077 
0.05351 0.15921 0.05378 -0.017 0.05322 0.02055 0.08795 -0.0034 
0.05434 0.15615 0.05461 -0.0161 0.05405 0.02087 0.08934 -0.0049 
0.05517 0.15587 0.05545 -0.0111 0.05489 0.02119 0.09072 -0.0054 
0.05601 0.16083 0.05628 -0.0152 0.05572 0.02151 0.09211 -0.0066 
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0.05684 0.1677 0.05711 -0.0172 0.05655 0.02184 0.0935 -0.0057 
0.05767 0.17158 0.05795 -0.0174 0.05739 0.02216 0.09489 -0.0012 
0.05851 0.17461 0.05878 -0.0172 0.05822 0.02248 0.09628 -0.0035 
0.05934 0.17174 0.05961 -0.018 0.05905 0.0228 0.09767 -0.0024 
0.06017 0.1691 0.06045 -0.0173 0.05989 0.02312 0.09906 -0.003 
0.06101 0.1709 0.06128 -0.0194 0.06072 0.02344 0.10045 -0.0053 
0.06184 0.18032 0.06211 -0.0179 0.06155 0.02377 0.10184 -0.0049 
0.06267 0.18579 0.06295 -0.0188 0.06239 0.02409 0.10322 -0.0075 
0.06351 0.18246 0.06378 -0.0179 0.06322 0.02441 0.10461 -0.0084 
0.06434 0.17995 0.06461 -0.0153 0.06405 0.02473 0.106 -0.0046 
0.06517 0.1917 0.06545 -0.0169 0.06489 0.02505 0.10739 -0.0054 
0.06601 0.1926 0.06628 -0.0185 0.06572 0.02537 0.10878 -0.0052 
0.06684 0.1893 0.06711 -0.0184 0.06655 0.0257 0.11017 -0.002 
0.06767 0.20132 0.06795 -0.0172 0.06739 0.02602 0.11156 -0.0027 
0.06851 0.20164 0.06878 -0.0191 0.06822 0.02634 0.11295 -0.0019 
0.06934 0.19546 0.06961 -0.0177 0.06905 0.02666 0.11434 -0.0038 
0.07017 0.21003 0.07045 -0.0147 0.06989 0.02698 0.11572 -0.0003 
0.07101 0.20428 0.07128 -0.0171 0.07072 0.02731 0.11711 -0.0021 
0.07184 0.21185 0.07211 -0.0193 0.07155 0.02763 0.1185 -0.0034 
0.07267 0.21097 0.07295 -0.0175 0.07239 0.02795 0.11989 -0.0018 
0.07351 0.2118 0.07378 -0.0169 0.07322 0.02827 0.12128 -0.0034 
0.07434 0.21832 0.07461 -0.02 0.07405 0.02859 0.12267 -0.0028 
0.07517 0.21176 0.07545 -0.0166 0.07489 0.02891 0.12406 -0.0027 
0.07601 0.21987 0.07628 -0.0175 0.07572 0.02924 0.12545 -0.0025 
0.07684 0.21514 0.07711 -0.0175 0.07655 0.02956 0.12684 -0.0046 
0.07767 0.22127 0.07795 -0.0174 0.07739 0.02988 0.12822 -0.0026 
0.07851 0.22276 0.07878 -0.0179 0.07822 0.0302 0.12961 -0.0038 
0.07934 0.22308 0.07961 -0.0197 0.07905 0.03052 0.131 -0.0045 
0.08017 0.22975 0.08045 -0.0206 0.07989 0.03084 0.13239 -0.004 
0.08101 0.22551 0.08128 -0.0184 0.08072 0.03117 0.13378 -0.0029 
0.08184 0.23678 0.08211 -0.0203 0.08155 0.03149 0.13517 -0.0021 
0.08267 0.22856 0.08295 -0.0187 0.08239 0.03181 0.13656 -0.0034 
0.08351 0.23541 0.08378 -0.019 0.08322 0.03213 0.13795 -0.0031 
0.08434 0.24479 0.08461 -0.019 0.08405 0.03245 0.13934 -0.0032 
0.08517 0.23569 0.08545 -0.0177 0.08489 0.03277 0.14072 -0.0042 
0.08601 0.24202 0.08628 -0.0187 0.08572 0.0331 0.14211 -0.0055 
0.08684 0.24946 0.08711 -0.018 0.08655 0.03342 0.1435 -0.0019 
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0.08767 0.24107 0.08795 -0.0185 0.08739 0.03374 0.14489 -3E-05 
0.08851 0.24817 0.08878 -0.0188 0.08822 0.03406 0.14628 -0.0002 
0.08934 0.25298 0.08961 -0.0191 0.08905 0.03438 0.14767 -0.0008 
0.09017 0.24625 0.09045 -0.0179 0.08989 0.03471 0.14906 -0.0025 
0.09101 0.25009 0.09128 -0.0187 0.09072 0.03503 0.15045 0.00011 
0.09184 0.25979 0.09211 -0.0188 0.09155 0.03535 0.15184 0.00028 
0.09267 0.25314 0.09295 -0.0194 0.09239 0.03567 0.15322 -0.001 
0.09351 0.2522 0.09378 -0.0183 0.09322 0.03599 0.15461 -0.0008 
0.09434 0.25816 0.09461 -0.0192 0.09405 0.03631 0.156 -0.0035 
0.09517 0.26555 0.09545 -0.0195 0.09489 0.03664 0.15739 -0.0019 
0.09601 0.25718 0.09628 -0.0188 0.09572 0.03696 0.15878 0.00021 
0.09684 0.25976 0.09711 -0.0196 0.09655 0.03728 0.16017 0.0058 
0.09767 0.26488 0.09795 -0.019 0.09739 0.0376 0.16156 0.00531 
0.09851 0.2755 0.09878 -0.0204 0.09822 0.03792 0.16295 0.0041 
0.09934 0.2736 0.09961 -0.0191 0.09905 0.03824 0.16434 0.0019 
0.10017 0.27038 0.10045 -0.0196 0.09989 0.03857 0.16572 0.00082 
0.10101 0.275 0.10128 -0.0205 0.10072 0.03889 0.16711 0.00245 
0.10184 0.27951 0.10211 -0.0194 0.10155 0.03921 0.1685 -0.0004 
0.10267 0.28477 0.10295 -0.0212 0.10239 0.03953 0.16989 -0.0009 
0.10351 0.28213 0.10378 -0.0209 0.10322 0.03985 0.17128 0.00052 
0.10434 0.27723 0.10461 -0.0207 0.10405 0.04018 0.17267 0.00108 
0.10517 0.28004 0.10545 -0.0203 0.10489 0.0405 0.17406 0.00212 
0.10601 0.28463 0.10628 -0.0198 0.10572 0.04082 0.17545 -0.0003 
0.10684 0.28781 0.10711 -0.0208 0.10655 0.04114 0.17684 0.00184 
0.10767 0.29098 0.10795 -0.0179 0.10739 0.04146 0.17822 -0.0005 
0.10851 0.28885 0.10878 -0.0197 0.10822 0.04178 0.17961 -0.0026 
0.10934 0.28165 0.10961 -0.0191 0.10905 0.04211 0.181 -0.0009 
0.11017 0.28601 0.11045 -0.0189 0.10989 0.04243 0.18239 -3E-05 
0.11101 0.28926 0.11128 -0.0182 0.11072 0.04275 0.18378 -0.0022 
0.11184 0.29207 0.11211 -0.0197 0.11155 0.04307 0.18517 0.00028 
0.11267 0.29524 0.11295 -0.0206 0.11239 0.04339 0.18656 0.00011 
0.11351 0.29774 0.11378 -0.0177 0.11322 0.04371 0.18795 0.0005 
0.11434 0.30578 0.11461 -0.0202 0.11405 0.04404 0.18934 0.00336 
0.11517 0.30967 0.11545 -0.0189 0.11489 0.04436 0.19072 0.0028 
0.11601 0.30933 0.11628 -0.019 0.11572 0.04468 0.19211 0.00143 
0.11684 0.31062 0.11711 -0.0193 0.11655 0.045 0.1935 0.00099 
0.11767 0.30837 0.11795 -0.0185 0.11739 0.04532 0.19489 0.00218 
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0.11851 0.30552 0.11878 -0.0196 0.11822 0.04564 0.19628 0.00218 
0.11934 0.30808 0.11961 -0.0181 0.11905 0.04597 0.19767 0.00256 
0.12017 0.30896 0.12045 -0.02 0.11989 0.04629 0.19906 0.00404 
0.12101 0.31218 0.12128 -0.02 0.12072 0.04661 0.20045 0.00313 
0.12184 0.31246 0.12211 -0.0202 0.12155 0.04693 0.20184 0.00419 
0.12267 0.31252 0.12295 -0.0192 0.12239 0.04725 0.20322 0.004 
0.12351 0.31387 0.12378 -0.0208 0.12322 0.04758 0.20461 0.00221 
0.12434 0.31603 0.12461 -0.0199 0.12405 0.0479 0.206 0.00236 
0.12517 0.31765 0.12545 -0.0162 0.12489 0.04822 0.20739 0.0037 
0.12601 0.31918 0.12628 -0.0195 0.12572 0.04854 0.20878 0.0038 
0.12684 0.32053 0.12711 -0.019 0.12655 0.04886 0.21017 0.00394 
0.12767 0.32243 0.12795 -0.0208 0.12739 0.04918 0.21156 0.00268 
0.12851 0.3251 0.12878 -0.0197 0.12822 0.04951 0.21295 0.00549 
0.12934 0.32848 0.12961 -0.0207 0.12905 0.04983 0.21434 0.00517 
0.13017 0.33018 0.13045 -0.0202 0.12989 0.05015 0.21572 0.00718 
0.13101 0.33298 0.13128 -0.0195 0.13072 0.05047 0.21711 0.00625 
0.13184 0.33228 0.13211 -0.0202 0.13155 0.05079 0.2185 0.00665 
0.13267 0.33276 0.13295 -0.0205 0.13239 0.05111 0.21989 0.00645 
0.13351 0.33443 0.13378 -0.0201 0.13322 0.05144 0.22128 0.00549 
0.13434 0.33457 0.13461 -0.02 0.13405 0.05176 0.22267 0.00614 
0.13517 0.33751 0.13545 -0.0203 0.13489 0.05208 0.22406 0.00596 
0.13601 0.33707 0.13628 -0.0185 0.13572 0.0524 0.22545 0.00391 
0.13684 0.33817 0.13711 -0.0201 0.13655 0.05272 0.22684 0.00559 
0.13767 0.3367 0.13795 -0.0192 0.13739 0.05305 0.22822 0.0041 
0.13851 0.33787 0.13878 -0.0201 0.13822 0.05337 0.22961 0.00393 
0.13934 0.33758 0.13961 -0.0195 0.13905 0.05369 0.231 0.00583 
0.14017 0.33739 0.14045 -0.0196 0.13989 0.05401 0.23239 0.00604 
0.14101 0.3374 0.14128 -0.0213 0.14072 0.05433 0.23378 0.00744 
0.14184 0.34144 0.14211 -0.0206 0.14155 0.05465 0.23517 0.0055 
0.14267 0.3477 0.14295 -0.0205 0.14239 0.05498 0.23656 0.00685 
0.14351 0.35261 0.14378 -0.022 0.14322 0.0553 0.23795 0.00873 
0.14434 0.35209 0.14461 -0.0209 0.14405 0.05562 0.23934 0.0079 
0.14517 0.34981 0.14545 -0.0185 0.14489 0.05594 0.24072 0.00966 
0.14601 0.35224 0.14628 -0.0203 0.14572 0.05626 0.24211 0.00885 
0.14684 0.35228 0.14711 -0.0201 0.14655 0.05658 0.2435 0.00932 
0.14767 0.35435 0.14795 -0.0188 0.14739 0.05691 0.24489 0.00814 
0.14851 0.35418 0.14878 -0.0187 0.14822 0.05723 0.24628 0.00664 
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0.14934 0.35463 0.14961 -0.0192 0.14905 0.05755 0.24767 0.00765 
0.15017 0.36213 0.15045 -0.021 0.14989 0.05787 0.24906 0.00832 
0.15101 0.36638 0.15128 -0.0193 0.15072 0.05819 0.25045 0.00654 
0.15184 0.36918 0.15211 -0.0178 0.15155 0.05851 0.25184 0.00646 
0.15267 0.36234 0.15295 -0.0191 0.15239 0.05884 0.25322 0.00621 
0.15351 0.36109 0.15378 -0.0192 0.15322 0.05916 0.25461 0.0051 
0.15434 0.36205 0.15461 -0.0181 0.15405 0.05948 0.256 0.00883 
0.15517 0.36046 0.15545 -0.0185 0.15489 0.0598 0.25739 0.00697 
0.15601 0.36071 0.15628 -0.018 0.15572 0.06012 0.25878 0.00854 
0.15684 0.36789 0.15711 -0.0175 0.15655 0.06045 0.26017 0.00931 
0.15767 0.37273 0.15795 -0.0189 0.15739 0.06077 0.26156 0.00885 
0.15851 0.36853 0.15878 -0.0185 0.15822 0.06109 0.26295 0.0103 
0.15934 0.36914 0.15961 -0.019 0.15905 0.06141 0.26434 0.01073 
0.16017 0.36962 0.16045 -0.0183 0.15989 0.06173 0.26572 0.01039 
0.16101 0.37075 0.16128 -0.019 0.16072 0.06205 0.26711 0.02021 
0.16184 0.37179 0.16211 -0.0199 0.16155 0.06238 0.2685 0.00994 
0.16267 0.38041 0.16295 -0.0184 0.16239 0.0627 0.26989 0.00921 
0.16351 0.38587 0.16378 -0.0194 0.16322 0.06302 0.27128 0.00997 
0.16434 0.37877 0.16461 -0.0203 0.16405 0.06334 0.27267 0.00993 
0.16517 0.38092 0.16545 -0.0191 0.16489 0.06366 0.27406 0.00906 
0.16601 0.37871 0.16628 -0.0184 0.16572 0.06398 0.27545 0.00867 
0.16684 0.37849 0.16711 -0.019 0.16655 0.06431 0.27684 0.00888 
0.16767 0.38696 0.16795 -0.0192 0.16739 0.06463 0.27822 0.01036 
0.16851 0.3827 0.16878 -0.0187 0.16822 0.06495 0.27961 0.0092 
0.16934 0.38172 0.16961 -0.0186 0.16905 0.06527 0.281 0.01187 
0.17017 0.38119 0.17045 -0.0204 0.16989 0.06559 0.28239 0.01052 
0.17101 0.38069 0.17128 -0.0189 0.17072 0.06592 0.28378 0.01045 
0.17184 0.39001 0.17211 -0.0186 0.17155 0.06624 0.28517 0.00915 
0.17267 0.38904 0.17295 -0.0189 0.17239 0.06656 0.28656 0.0088 
0.17351 0.38755 0.17378 -0.0187 0.17322 0.06688 0.28795 0.01118 
0.17434 0.38771 0.17461 -0.0185 0.17405 0.0672 0.28934 0.01112 
0.17517 0.38565 0.17545 -0.0185 0.17489 0.06752 0.29072 0.01227 
0.17601 0.39872 0.17628 -0.0205 0.17572 0.06785 0.29211 0.01222 
0.17684 0.39468 0.17711 -0.0189 0.17655 0.06817 0.2935 0.01188 
0.17767 0.39569 0.17795 -0.0194 0.17739 0.06849 0.29489 0.01181 
0.17851 0.39542 0.17878 -0.0186 0.17822 0.06881 0.29628 0.01192 
0.17934 0.40416 0.17961 -0.0194 0.17905 0.06913 0.29767 0.00828 
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0.18017 0.40097 0.18045 -0.0178 0.17989 0.06945 0.29906 0.01208 
0.18101 0.39858 0.18128 -0.0173 0.18072 0.06978 0.30045 0.01155 
0.18184 0.4002 0.18211 -0.0187 0.18155 0.0701 0.30184 0.0103 
0.18267 0.40315 0.18295 -0.0191 0.18239 0.07042 0.30322 0.01103 
0.18351 0.39876 0.18378 -0.0203 0.18322 0.07074 0.30461 0.01065 
0.18434 0.39693 0.18461 -0.0196 0.18405 0.07106 0.306 0.01153 
0.18517 0.39832 0.18545 -0.0202 0.18489 0.07139 0.30739 0.01277 
0.18601 0.40637 0.18628 -0.0175 0.18572 0.07171 0.30878 0.01174 
0.18684 0.40427 0.18711 -0.0194 0.18655 0.07203 0.31017 0.01302 
0.18767 0.40316 0.18795 -0.0184 0.18739 0.07235 0.31156 0.01186 
0.18851 0.40153 0.18878 -0.0184 0.18822 0.07267 0.31295 0.01164 
0.18934 0.41319 0.18961 -0.0183 0.18905 0.07299 0.31434 0.01149 
0.19017 0.40888 0.19045 -0.0191 0.18989 0.07332 0.31572 0.0133 
0.19101 0.41057 0.19128 -0.0198 0.19072 0.07364 0.31711 0.01308 
0.19184 0.40919 0.19211 -0.0189 0.19155 0.07396 0.3185 0.01288 
0.19267 0.41917 0.19295 -0.0198 0.19239 0.07428 0.31989 0.01434 
0.19351 0.41522 0.19378 -0.0193 0.19322 0.0746 0.32128 0.01345 
0.19434 0.41481 0.19461 -0.0203 0.19405 0.07492 0.32267 0.01206 
0.19517 0.41244 0.19545 -0.0175 0.19489 0.07525 0.32406 0.01104 
0.19601 0.42182 0.19628 -0.02 0.19572 0.07557 0.32545 0.01261 
0.19684 0.41568 0.19711 -0.0193 0.19655 0.07589 0.32684 0.01125 
0.19767 0.41432 0.19795 -0.0201 0.19739 0.07621 0.32822 0.01287 
0.19851 0.41304 0.19878 -0.02 0.19822 0.07653 0.32961 0.0118 
0.19934 0.42118 0.19961 -0.0186 0.19905 0.07685 0.331 0.00973 
0.20017 0.41975 0.20045 -0.0187 0.19989 0.07718 0.33239 0.01295 
0.20101 0.41951 0.20128 -0.0185 0.20072 0.0775 0.33378 0.01183 
0.20184 0.42918 0.20211 -0.0212 0.20155 0.07782 0.33517 0.0147 
0.20267 0.4248 0.20295 -0.0184 0.20239 0.07814 0.33656 0.0135 
0.20351 0.42729 0.20378 -0.0199 0.20322 0.07846 0.33795 0.01304 
0.20434 0.42643 0.20461 -0.0181 0.20405 0.07879 0.33934 0.01251 
0.20517 0.43991 0.20545 -0.0197 0.20489 0.07911 0.34072 0.01367 
0.20601 0.43219 0.20628 -0.0189 0.20572 0.07943 0.34211 0.0168 
0.20684 0.43196 0.20711 -0.0192 0.20655 0.07975 0.3435 0.01308 
0.20767 0.43123 0.20795 -0.0196 0.20739 0.08007 0.34489 0.01398 
0.20851 0.44187 0.20878 -0.0188 0.20822 0.08039 0.34628 0.01408 
0.20934 0.43552 0.20961 -0.0212 0.20905 0.08072 0.34767 0.01433 
0.21017 0.43575 0.21045 -0.0205 0.20989 0.08104 0.34906 0.01542 
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0.21101 0.44131 0.21128 -0.0199 0.21072 0.08136 0.35045 0.01332 
0.21184 0.43659 0.21211 -0.0181 0.21155 0.08168 0.35184 0.01474 
0.21267 0.43482 0.21295 -0.02 0.21239 0.082 0.35322 0.01474 
0.21351 0.43602 0.21378 -0.0204 0.21322 0.08232 0.35461 0.01457 
0.21434 0.4371 0.21461 -0.0201 0.21405 0.08265 0.356 0.01342 
0.21517 0.43628 0.21545 -0.0203 0.21489 0.08297 0.35739 0.01381 
0.21601 0.43618 0.21628 -0.0211 0.21572 0.08329 0.35878 0.01563 
0.21684 0.44142 0.21711 -0.021 0.21655 0.08361 0.36017 0.01491 
0.21767 0.43969 0.21795 -0.0195 0.21739 0.08393 0.36156 0.01458 
0.21851 0.43856 0.21878 -0.0211 0.21822 0.08426 0.36295 0.01432 
0.21934 0.44399 0.21961 -0.0192 0.21905 0.08458 0.36434 0.01305 
0.22017 0.44306 0.22045 -0.0211 0.21989 0.0849 0.36572 0.01306 
0.22101 0.44807 0.22128 -0.0195 0.22072 0.08522 0.36711 0.01387 
0.22184 0.44896 0.22211 -0.0213 0.22155 0.08554 0.3685 0.0144 
0.22267 0.44842 0.22295 -0.0206 0.22239 0.08586 0.36989 0.01414 
0.22351 0.45551 0.22378 -0.0196 0.22322 0.08619 0.37128 0.01449 
0.22434 0.45212 0.22461 -0.0211 0.22405 0.08651 0.37267 0.01414 
0.22517 0.4508 0.22545 -0.0197 0.22489 0.08683 0.37406 0.0142 
0.22601 0.45814 0.22628 -0.0196 0.22572 0.08715 0.37545 0.01543 
0.22684 0.45332 0.22711 -0.019 0.22655 0.08747 0.37684 0.01599 
0.22767 0.45191 0.22795 -0.0199 0.22739 0.08779 0.37822 0.01489 
0.22851 0.45605 0.22878 -0.0197 0.22822 0.08812 0.37961 0.01571 
0.22934 0.45285 0.22961 -0.0203 0.22905 0.08844 0.381 0.01557 
0.23017 0.45854 0.23045 -0.0212 0.22989 0.08876 0.38239 0.01479 
0.23101 0.45268 0.23128 -0.0195 0.23072 0.08908 0.38378 0.01588 
0.23184 0.45323 0.23211 -0.0204 0.23155 0.0894 0.38517 0.01537 
0.23267 0.4565 0.23295 -0.0204 0.23239 0.08972 0.38656 0.0148 
0.23351 0.45523 0.23378 -0.0203 0.23322 0.09005 0.38795 0.01518 
0.23434 0.46529 0.23461 -0.0185 0.23405 0.09037 0.38934 0.01537 
0.23517 0.45736 0.23545 -0.0204 0.23489 0.09069 0.39072 0.01374 
0.23601 0.45633 0.23628 -0.0195 0.23572 0.09101 0.39211 0.01382 
0.23684 0.46297 0.23711 -0.0205 0.23655 0.09133 0.3935 0.01508 
0.23767 0.46304 0.23795 -0.0198 0.23739 0.09166 0.39489 0.01433 
0.23851 0.46943 0.23878 -0.0199 0.23822 0.09198 0.39628 0.01484 
0.23934 0.46485 0.23961 -0.0211 0.23905 0.0923 0.39767 0.01625 
0.24017 0.46953 0.24045 -0.0193 0.23989 0.09262 0.39906 0.01241 
0.24101 0.46649 0.24128 -0.021 0.24072 0.09294 0.40045 0.01643 
282 
 
0.24184 0.46657 0.24211 -0.019 0.24155 0.09326 0.40184 0.01413 
0.24267 0.47088 0.24295 -0.0204 0.24239 0.09359 0.40322 0.01509 
0.24351 0.46838 0.24378 -0.0192 0.24322 0.09391 0.40461 0.0143 
0.24434 0.47309 0.24461 -0.0207 0.24405 0.09423 0.406 0.01524 
0.24517 0.4696 0.24545 -0.0207 0.24489 0.09455 0.40739 0.01409 
0.24601 0.46714 0.24628 -0.0191 0.24572 0.09487 0.40878 0.01616 
0.24684 0.47153 0.24711 -0.0207 0.24655 0.09519 0.41017 0.01633 
0.24767 0.47063 0.24795 -0.0193 0.24739 0.09552 0.41156 0.01331 
0.24851 0.47773 0.24878 -0.0197 0.24822 0.09584 0.41295 0.01411 
0.24934 0.47236 0.24961 -0.0188 0.24905 0.09616 0.41434 0.01573 
0.25017 0.47256 0.25045 -0.0205 0.24989 0.09648 0.41572 0.01333 
0.25101 0.47475 0.25128 -0.021 0.25072 0.0968 0.41711 0.012 
0.25184 0.47494 0.25211 -0.0183 0.25155 0.09713 0.4185 0.01292 
0.25267 0.48592 0.25295 -0.0202 0.25239 0.09745 0.41989 0.01113 
0.25351 0.47898 0.25378 -0.0197 0.25322 0.09777 0.42128 0.01236 
0.25434 0.48581 0.25461 -0.0215 0.25405 0.09809 0.42267 0.01147 
0.25517 0.48148 0.25545 -0.0186 0.25489 0.09841 0.42406 0.01359 
0.25601 0.48097 0.25628 -0.022 0.25572 0.09873 0.42545 0.01319 
0.25684 0.48298 0.25711 -0.0197 0.25655 0.09906 0.42684 0.01265 
0.25767 0.48436 0.25795 -0.0191 0.25739 0.09938 0.42822 0.01445 
0.25851 0.4853 0.25878 -0.02 0.25822 0.0997 0.42961 0.01283 
0.25934 0.48453 0.25961 -0.02 0.25905 0.10002 0.431 0.01493 
0.26017 0.49021 0.26045 -0.0199 0.25989 0.10034 0.43239 0.02347 
0.26101 0.48416 0.26128 -0.0197 0.26072 0.10066 0.43378 0.01708 
0.26184 0.48034 0.26211 -0.0209 0.26155 0.10099 0.43517 0.01465 
0.26267 0.48474 0.26295 -0.02 0.26239 0.10131 0.43656 0.01521 
0.26351 0.48396 0.26378 -0.0197 0.26322 0.10163 0.43795 0.01457 
0.26434 0.48741 0.26461 -0.0198 0.26405 0.10195 0.43934 0.01613 
0.26517 0.48664 0.26545 -0.0198 0.26489 0.10227 0.44072 0.01535 
0.26601 0.49085 0.26628 -0.0194 0.26572 0.10259 0.44211 0.01851 
0.26684 0.48741 0.26711 -0.0184 0.26655 0.10292 0.4435 0.01437 
0.26767 0.49722 0.26795 -0.0205 0.26739 0.10324 0.44489 0.01274 
0.26851 0.49255 0.26878 -0.0192 0.26822 0.10356 0.44628 0.01635 
0.26934 0.4971 0.26961 -0.0193 0.26905 0.10388 0.44767 0.01543 
0.27017 0.49559 0.27045 -0.0195 0.26989 0.1042 0.44906 0.01463 
0.27101 0.49482 0.27128 -0.0201 0.27072 0.10453 0.45045 0.01523 
0.27184 0.49804 0.27211 -0.0193 0.27155 0.10485 0.45184 0.01446 
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0.27267 0.49683 0.27295 -0.0194 0.27239 0.10517 0.45322 0.0155 
0.27351 0.49952 0.27378 -0.0197 0.27322 0.10549 0.45461 0.0158 
0.27434 0.49752 0.27461 -0.0201 0.27405 0.10581 0.456 0.0126 
0.27517 0.49969 0.27545 -0.0191 0.27489 0.10613 0.45739 0.01271 
0.27601 0.49734 0.27628 -0.0189 0.27572 0.10646 0.45878 0.0141 
0.27684 0.49983 0.27711 -0.0205 0.27655 0.10678 0.46017 0.016 
0.27767 0.49617 0.27795 -0.0183 0.27739 0.1071 0.46156 0.0146 
0.27851 0.49823 0.27878 -0.0199 0.27822 0.10742 0.46295 0.01486 
0.27934 0.498 0.27961 -0.0202 0.27905 0.10774 0.46434 0.01526 
0.28017 0.49915 0.28045 -0.0194 0.27989 0.10806 0.46572 0.01392 
0.28101 0.49816 0.28128 -0.0184 0.28072 0.10839 0.46711 0.01512 
0.28184 0.49917 0.28211 -0.0206 0.28155 0.10871 0.4685 0.01687 
0.28267 0.49846 0.28295 -0.0188 0.28239 0.10903 0.46989 0.01513 
0.28351 0.50244 0.28378 -0.0192 0.28322 0.10935 0.47128 0.01464 
0.28434 0.50301 0.28461 -0.0195 0.28405 0.10967 0.47267 0.01568 
0.28517 0.50524 0.28545 -0.02 0.28489 0.11 0.47406 0.01468 
0.28601 0.50715 0.28628 -0.02 0.28572 0.11032 0.47545 0.0144 
0.28684 0.50664 0.28711 -0.0183 0.28655 0.11064 0.47684 0.01568 
0.28767 0.50723 0.28795 -0.0201 0.28739 0.11096 0.47822 0.01814 
0.28851 0.50889 0.28878 -0.0193 0.28822 0.11128 0.47961 0.01699 
0.28934 0.50461 0.28961 -0.0196 0.28905 0.1116 0.481 0.01726 
0.29017 0.50923 0.29045 -0.0209 0.28989 0.11193 0.48239 0.01777 
0.29101 0.50835 0.29128 -0.0216 0.29072 0.11225 0.48378 0.01843 
0.29184 0.50867 0.29211 -0.0207 0.29155 0.11257 0.48517 0.02111 
0.29267 0.51193 0.29295 -0.0189 0.29239 0.11289 0.48656 0.02185 
0.29351 0.50864 0.29378 -0.0201 0.29322 0.11321 0.48795 0.02407 
0.29434 0.51561 0.29461 -0.0205 0.29405 0.11353 0.48934 0.02363 
0.29517 0.51094 0.29545 -0.0208 0.29489 0.11386 0.49072 0.02293 
0.29601 0.51384 0.29628 -0.0197 0.29572 0.11418 0.49211 0.02349 
0.29684 0.51235 0.29711 -0.0209 0.29655 0.1145 0.4935 0.02543 
0.29767 0.51477 0.29795 -0.0196 0.29739 0.11482 0.49489 0.02706 
0.29851 0.51472 0.29878 -0.0198 0.29822 0.11514 0.49628 0.02688 
0.29934 0.51817 0.29961 -0.0202 0.29905 0.11546 0.49767 0.02541 
0.30017 0.52073 0.30045 -0.0202 0.29989 0.11579 0.49906 0.02525 
0.30101 0.51982 0.30128 -0.0195 0.30072 0.11611 0.50045 0.0248 
0.30184 0.51961 0.30211 -0.0198 0.30155 0.11643 0.50184 0.02124 
0.30267 0.52088 0.30295 -0.021 0.30239 0.11675 0.50322 0.02113 
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0.30351 0.5257 0.30378 -0.0192 0.30322 0.11707 0.50461 0.02171 
0.30434 0.52259 0.30461 -0.02 0.30405 0.1174 0.506 0.02106 
0.30517 0.52999 0.30545 -0.02 0.30489 0.11772 0.50739 0.02319 
0.30601 0.52488 0.30628 -0.02 0.30572 0.11804 0.50878 0.02125 
0.30684 0.52622 0.30711 -0.0189 0.30655 0.11836 0.51017 0.01946 
0.30767 0.52404 0.30795 -0.021 0.30739 0.11868 0.51156 0.02228 
0.30851 0.52505 0.30878 -0.0201 0.30822 0.119 0.51295 0.02371 
0.30934 0.52428 0.30961 -0.0191 0.30905 0.11933 0.51434 0.02276 
0.31017 0.52539 0.31045 -0.0217 0.30989 0.11965 0.51572 0.02615 
0.31101 0.52485 0.31128 -0.0204 0.31072 0.11997 0.51711 0.02461 
0.31184 0.52508 0.31211 -0.0199 0.31155 0.12029 0.5185 0.02507 
0.31267 0.53385 0.31295 -0.0196 0.31239 0.12061 0.51989 0.02497 
0.31351 0.52746 0.31378 -0.0202 0.31322 0.12093 0.52128 0.02492 
0.31434 0.53436 0.31461 -0.0196 0.31405 0.12126 0.52267 0.02136 
0.31517 0.53232 0.31545 -0.0219 0.31489 0.12158 0.52406 0.02155 
0.31601 0.53432 0.31628 -0.0194 0.31572 0.1219 0.52545 0.02474 
0.31684 0.53381 0.31711 -0.0208 0.31655 0.12222 0.52684 0.02149 
0.31767 0.53467 0.31795 -0.0197 0.31739 0.12254 0.52822 0.02045 
0.31851 0.53542 0.31878 -0.0186 0.31822 0.12287 0.52961 0.02374 
0.31934 0.53638 0.31961 -0.0206 0.31905 0.12319 0.531 0.02198 
0.32017 0.54354 0.32045 -0.0204 0.31989 0.12351 0.53239 0.02066 
0.32101 0.53467 0.32128 -0.0199 0.32072 0.12383 0.53378 0.02259 
0.32184 0.53742 0.32211 -0.0196 0.32155 0.12415 0.53517 0.02032 
0.32267 0.53271 0.32295 -0.0212 0.32239 0.12447 0.53656 0.02171 
0.32351 0.53392 0.32378 -0.0189 0.32322 0.1248 0.53795 0.02253 
0.32434 0.53389 0.32461 -0.0204 0.32405 0.12512 0.53934 0.02089 
0.32517 0.53636 0.32545 -0.0192 0.32489 0.12544 0.54072 0.02167 
0.32601 0.53827 0.32628 -0.0214 0.32572 0.12576 0.54211 0.02075 
0.32684 0.53772 0.32711 -0.0194 0.32655 0.12608 0.5435 0.02239 
0.32767 0.54603 0.32795 -0.017 0.32739 0.1264 0.54489 0.02053 
0.32851 0.53901 0.32878 -0.0207 0.32822 0.12673 0.54628 0.0229 
0.32934 0.54115 0.32961 -0.0196 0.32905 0.12705 0.54767 0.0227 
0.33017 0.54251 0.33045 -0.0198 0.32989 0.12737 0.54906 0.02554 
0.33101 0.54486 0.33128 -0.0226 0.33072 0.12769 0.55045 0.02576 
0.33184 0.54466 0.33211 -0.0196 0.33155 0.12801 0.55184 0.0257 
0.33267 0.54715 0.33295 -0.0186 0.33239 0.12833 0.55322 0.02555 
0.33351 0.55428 0.33378 -0.0206 0.33322 0.12866 0.55461 0.0258 
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0.33434 0.54842 0.33461 -0.02 0.33405 0.12898 0.556 0.02461 
0.33517 0.54906 0.33545 -0.0206 0.33489 0.1293 0.55739 0.02353 
0.33601 0.54714 0.33628 -0.0208 0.33572 0.12962 0.55878 0.02577 
0.33684 0.549 0.33711 -0.0193 0.33655 0.12994 0.56017 0.02434 
0.33767 0.54668 0.33795 -0.02 0.33739 0.13027 0.56156 0.02448 
0.33851 0.54748 0.33878 -0.0194 0.33822 0.13059 0.56295 0.0236 
0.33934 0.55438 0.33961 -0.0201 0.33905 0.13091 0.56434 0.02438 
0.34017 0.54827 0.34045 -0.0213 0.33989 0.13123 0.56572 0.02365 
0.34101 0.55131 0.34128 -0.0231 0.34072 0.13155 0.56711 0.02334 
0.34184 0.54974 0.34211 -0.023 0.34155 0.13187 0.5685 0.02384 
0.34267 0.55177 0.34295 -0.0213 0.34239 0.1322 0.56989 0.02479 
0.34351 0.55411 0.34378 -0.0243 0.34322 0.13252 0.57128 0.02556 
0.34434 0.55463 0.34461 -0.0221 0.34405 0.13284 0.57267 0.02499 
0.34517 0.56049 0.34545 -0.0233 0.34489 0.13316 0.57406 0.02512 
0.34601 0.55744 0.34628 -0.0221 0.34572 0.13348 0.57545 0.02571 
0.34684 0.55862 0.34711 -0.0227 0.34655 0.1338 0.57684 0.02477 
0.34767 0.55771 0.34795 -0.0218 0.34739 0.13413 0.57822 0.02597 
0.34851 0.55988 0.34878 -0.022 0.34822 0.13445 0.57961 0.02451 
0.34934 0.56339 0.34961 -0.0223 0.34905 0.13477 0.581 0.02691 
0.35017 0.55943 0.35045 -0.0206 0.34989 0.13509 0.58239 0.02612 
0.35101 0.55986 0.35128 -0.0219 0.35072 0.13541 0.58378 0.02697 
0.35184 0.55822 0.35211 -0.0207 0.35155 0.13574 0.58517 0.02541 
0.35267 0.55851 0.35295 -0.0207 0.35239 0.13606 0.58656 0.02536 
0.35351 0.55611 0.35378 -0.0191 0.35322 0.13638 0.58795 0.02406 
0.35434 0.55881 0.35461 -0.0208 0.35405 0.1367 0.58934 0.02162 
0.35517 0.5651 0.35545 -0.0211 0.35489 0.13702 0.59072 0.02412 
0.35601 0.56083 0.35628 -0.0204 0.35572 0.13734 0.59211 0.02318 
0.35684 0.5628 0.35711 -0.0214 0.35655 0.13767 0.5935 0.02388 
0.35767 0.56466 0.35795 -0.0208 0.35739 0.13799 0.59489 0.02459 
0.35851 0.56657 0.35878 -0.0213 0.35822 0.13831 0.59628 0.02385 
0.35934 0.5743 0.35961 -0.02 0.35905 0.13863 0.59767 0.02581 
0.36017 0.56657 0.36045 -0.0213 0.35989 0.13895 0.59906 0.02392 
0.36101 0.56877 0.36128 -0.0222 0.36072 0.13927 0.60045 0.02757 
0.36184 0.56838 0.36211 -0.0198 0.36155 0.1396 0.60184 0.02569 
0.36267 0.56889 0.36295 -0.0203 0.36239 0.13992 0.60322 0.02562 
0.36351 0.5745 0.36378 -0.0207 0.36322 0.14024 0.60461 0.02779 
0.36434 0.56727 0.36461 -0.0198 0.36405 0.14056 0.606 0.02521 
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0.36517 0.56609 0.36545 -0.0198 0.36489 0.14088 0.60739 0.02481 
0.36601 0.56634 0.36628 -0.0196 0.36572 0.1412 0.60878 0.02268 
0.36684 0.56809 0.36711 -0.0201 0.36655 0.14153 0.61017 0.02159 
0.36767 0.57167 0.36795 -0.0215 0.36739 0.14185 0.61156 0.0224 
0.36851 0.56922 0.36878 -0.0192 0.36822 0.14217 0.61295 0.02442 
0.36934 0.56944 0.36961 -0.0202 0.36905 0.14249 0.61434 0.02444 
0.37017 0.57356 0.37045 -0.0203 0.36989 0.14281 0.61572 0.02325 
0.37101 0.57088 0.37128 -0.0186 0.37072 0.14314 0.61711 0.02501 
0.37184 0.57576 0.37211 -0.0198 0.37155 0.14346 0.6185 0.03385 
0.37267 0.5752 0.37295 -0.0196 0.37239 0.14378 0.61989 0.02743 
0.37351 0.57852 0.37378 -0.0193 0.37322 0.1441 0.62128 0.02862 
0.37434 0.58054 0.37461 -0.02 0.37405 0.14442 0.62267 0.02705 
0.37517 0.57877 0.37545 -0.0221 0.37489 0.14474 0.62406 0.02656 
0.37601 0.5815 0.37628 -0.0193 0.37572 0.14507 0.62545 0.02987 
0.37684 0.57967 0.37711 -0.0193 0.37655 0.14539 0.62684 0.02937 
0.37767 0.58055 0.37795 -0.0203 0.37739 0.14571 0.62822 0.02601 
0.37851 0.58651 0.37878 -0.0204 0.37822 0.14603 0.62961 0.02838 
0.37934 0.58011 0.37961 -0.0199 0.37905 0.14635 0.631 0.02733 
0.38017 0.57884 0.38045 -0.018 0.37989 0.14667 0.63239 0.02451 
0.38101 0.57906 0.38128 -0.0191 0.38072 0.147 0.63378 0.02107 
0.38184 0.57943 0.38211 -0.0205 0.38155 0.14732 0.63517 0.0217 
0.38267 0.58101 0.38295 -0.0196 0.38239 0.14764 0.63656 0.02379 
0.38351 0.58185 0.38378 -0.019 0.38322 0.14796 0.63795 0.02345 
0.38434 0.58142 0.38461 -0.0202 0.38405 0.14828 0.63934 0.02269 
0.38517 0.58263 0.38545 -0.0203 0.38489 0.14861 0.64072 0.02618 
0.38601 0.58226 0.38628 -0.0197 0.38572 0.14893 0.64211 0.02698 
0.38684 0.58593 0.38711 -0.0215 0.38655 0.14925 0.6435 0.02592 
0.38767 0.58593 0.38795 -0.0197 0.38739 0.14957 0.64489 0.02573 
0.38851 0.5895 0.38878 -0.0196 0.38822 0.14989 0.64628 0.03068 
0.38934 0.58995 0.38961 -0.0192 0.38905 0.15021 0.64767 0.03253 
0.39017 0.58899 0.39045 -0.0206 0.38989 0.15054 0.64906 0.03336 
0.39101 0.58903 0.39128 -0.0208 0.39072 0.15086 0.65045 0.03077 
0.39184 0.59213 0.39211 -0.02 0.39155 0.15118 0.65184 0.03241 
0.39267 0.58897 0.39295 -0.0201 0.39239 0.1515 0.65322 0.03172 
0.39351 0.58803 0.39378 -0.0192 0.39322 0.15182 0.65461 0.03023 
0.39434 0.59643 0.39461 -0.019 0.39405 0.15214 0.656 0.02955 
0.39517 0.58776 0.39545 -0.019 0.39489 0.15247 0.65739 0.03159 
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0.39601 0.59027 0.39628 -0.0199 0.39572 0.15279 0.65878 0.03133 
0.39684 0.59747 0.39711 -0.0193 0.39655 0.15311 0.66017 0.03033 
0.39767 0.58917 0.39795 -0.0186 0.39739 0.15343 0.66156 0.0335 
0.39851 0.591 0.39878 -0.0186 0.39822 0.15375 0.66295 0.03031 
0.39934 0.59452 0.39961 -0.0195 0.39905 0.15407 0.66434 0.03008 
0.40017 0.59198 0.40045 -0.0177 0.39989 0.1544 0.66572 0.03082 
0.40101 0.5926 0.40128 -0.0181 0.40072 0.15472 0.66711 0.0295 
0.40184 0.59401 0.40211 -0.0185 0.40155 0.15504 0.6685 0.03164 
0.40267 0.59532 0.40295 -0.0186 0.40239 0.15536 0.66989 0.03377 
0.40351 0.59913 0.40378 -0.0183 0.40322 0.15568 0.67128 0.03363 
0.40434 0.59648 0.40461 -0.0191 0.40405 0.15601 0.67267 0.03248 
0.40517 0.59892 0.40545 -0.0193 0.40489 0.15633 0.67406 0.02992 
0.40601 0.60615 0.40628 -0.0193 0.40572 0.15665 0.67545 0.02641 
0.40684 0.59877 0.40711 -0.0186 0.40655 0.15697 0.67684 0.02825 
0.40767 0.59989 0.40795 -0.0188 0.40739 0.15729 0.67822 0.02886 
0.40851 0.59571 0.40878 -0.0192 0.40822 0.15761 0.67961 0.03094 
0.40934 0.59792 0.40961 -0.0185 0.40905 0.15794 0.681 0.0323 
0.41017 0.59836 0.41045 -0.0182 0.40989 0.15826 0.68239 0.0285 
0.41101 0.59908 0.41128 -0.021 0.41072 0.15858 0.68378 0.02872 
0.41184 0.59812 0.41211 -0.0186 0.41155 0.1589 0.68517 0.02848 
0.41267 0.60555 0.41295 -0.0192 0.41239 0.15922 0.68656 0.02878 
0.41351 0.5995 0.41378 -0.0218 0.41322 0.15954 0.68795 0.02832 
0.41434 0.60273 0.41461 -0.0186 0.41405 0.15987 0.68934 0.02811 
0.41517 0.60994 0.41545 -0.0182 0.41489 0.16019 0.69072 0.02698 
0.41601 0.60606 0.41628 -0.0183 0.41572 0.16051 0.69211 0.02755 
0.41684 0.60672 0.41711 -0.0187 0.41655 0.16083 0.6935 0.02871 
0.41767 0.61171 0.41795 -0.0194 0.41739 0.16115 0.69489 0.02831 
0.41851 0.60629 0.41878 -0.0177 0.41822 0.16148 0.69628 0.0302 
0.41934 0.60657 0.41961 -0.0189 0.41905 0.1618 0.69767 0.03119 
0.42017 0.60975 0.42045 -0.0194 0.41989 0.16212 0.69906 0.03035 
0.42101 0.60569 0.42128 -0.0192 0.42072 0.16244 0.70045 0.0296 
0.42184 0.60648 0.42211 -0.0188 0.42155 0.16276 0.70184 0.03053 
0.42267 0.60402 0.42295 -0.0191 0.42239 0.16308 0.70322 0.03205 
0.42351 0.60614 0.42378 -0.0184 0.42322 0.16341 0.70461 0.03047 
0.42434 0.60616 0.42461 -0.0183 0.42405 0.16373 0.706 0.03016 
0.42517 0.60827 0.42545 -0.019 0.42489 0.16405 0.70739 0.03014 
0.42601 0.60816 0.42628 -0.0196 0.42572 0.16437 0.70878 0.02951 
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0.42684 0.61021 0.42711 -0.0181 0.42655 0.16469 0.71017 0.02935 
0.42767 0.6113 0.42795 -0.019 0.42739 0.16501 0.71156 0.02946 
0.42851 0.61194 0.42878 -0.0171 0.42822 0.16534 0.71295 0.02995 
0.42934 0.61584 0.42961 -0.0188 0.42905 0.16566 0.71434 0.02935 
0.43017 0.61444 0.43045 -0.0176 0.42989 0.16598 0.71572 0.0324 
0.43101 0.61592 0.43128 -0.0185 0.43072 0.1663 0.71711 0.03012 
0.43184 0.61898 0.43211 -0.0182 0.43155 0.16662 0.7185 0.02963 
0.43267 0.61651 0.43295 -0.0168 0.43239 0.16694 0.71989 0.03083 
0.43351 0.61674 0.43378 -0.0179 0.43322 0.16727 0.72128 0.03129 
0.43434 0.62385 0.43461 -0.0175 0.43405 0.16759 0.72267 0.03143 
0.43517 0.61557 0.43545 -0.0191 0.43489 0.16791 0.72406 0.03074 
0.43601 0.61601 0.43628 -0.0165 0.43572 0.16823 0.72545 0.03134 
0.43684 0.62129 0.43711 -0.0184 0.43655 0.16855 0.72684 0.03261 
0.43767 0.61584 0.43795 -0.0191 0.43739 0.16888 0.72822 0.03101 
0.43851 0.61854 0.43878 -0.0189 0.43822 0.1692 0.72961 0.03186 
0.43934 0.6222 0.43961 -0.0189 0.43905 0.16952 0.731 0.03139 
0.44017 0.61916 0.44045 -0.0188 0.43989 0.16984 0.73239 0.02938 
0.44101 0.61905 0.44128 -0.0195 0.44072 0.17016 0.73378 0.02945 
0.44184 0.62045 0.44211 -0.0163 0.44155 0.17048 0.73517 0.02976 
0.44267 0.62257 0.44295 -0.0187 0.44239 0.17081 0.73656 0.02809 
0.44351 0.62437 0.44378 -0.0176 0.44322 0.17113 0.73795 0.0296 
0.44434 0.62267 0.44461 -0.0169 0.44405 0.17145 0.73934 0.03038 
0.44517 0.62463 0.44545 -0.0181 0.44489 0.17177 0.74072 0.029 
0.44601 0.62541 0.44628 -0.0179 0.44572 0.17209 0.74211 0.02832 
0.44684 0.62477 0.44711 -0.0193 0.44655 0.17241 0.7435 0.03203 
0.44767 0.62659 0.44795 -0.0175 0.44739 0.17274 0.74489 0.0303 
0.44851 0.62521 0.44878 -0.0192 0.44822 0.17306 0.74628 0.03444 
0.44934 0.62439 0.44961 -0.0177 0.44905 0.17338 0.74767 0.03124 
0.45017 0.62353 0.45045 -0.0187 0.44989 0.1737 0.74906 0.03189 
0.45101 0.62555 0.45128 -0.017 0.45072 0.17402 0.75045 0.031 
0.45184 0.62396 0.45211 -0.0195 0.45155 0.17435 0.75184 0.02933 
0.45267 0.62524 0.45295 -0.0171 0.45239 0.17467 0.75322 0.03062 
0.45351 0.62654 0.45378 -0.0196 0.45322 0.17499 0.75461 0.0304 
0.45434 0.62429 0.45461 -0.0155 0.45405 0.17531 0.756 0.03227 
0.45517 0.62867 0.45545 -0.017 0.45489 0.17563 0.75739 0.03174 
0.45601 0.62972 0.45628 -0.0169 0.45572 0.17595 0.75878 0.03244 
0.45684 0.63149 0.45711 -0.0163 0.45655 0.17628 0.76017 0.03071 
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0.45767 0.62977 0.45795 -0.0186 0.45739 0.1766 0.76156 0.03157 
0.45851 0.63224 0.45878 -0.0166 0.45822 0.17692 0.76295 0.03011 
0.45934 0.63766 0.45961 -0.0182 0.45905 0.17724 0.76434 0.03122 
0.46017 0.63283 0.46045 -0.017 0.45989 0.17756 0.76572 0.03245 
0.46101 0.63328 0.46128 -0.0189 0.46072 0.17788 0.76712 0.03216 
0.46184 0.6304 0.46211 -0.017 0.46155 0.17821 0.7685 0.03175 
0.46267 0.63007 0.46295 -0.0195 0.46239 0.17853 0.76989 0.03137 
0.46351 0.63146 0.46378 -0.0158 0.46322 0.17885 0.77128 0.03182 
0.46434 0.63693 0.46461 -0.0178 0.46405 0.17917 0.77267 0.03203 
0.46517 0.63173 0.46545 -0.0179 0.46489 0.17949 0.77406 0.02859 
0.46601 0.63453 0.46628 -0.0197 0.46572 0.17981 0.77545 0.03187 
0.46684 0.64067 0.46711 -0.0191 0.46655 0.18014 0.77684 0.03219 
0.46767 0.63399 0.46795 -0.0182 0.46739 0.18046 0.77822 0.03513 
0.46851 0.63565 0.46878 -0.0196 0.46822 0.18078 0.77961 0.03315 
0.46934 0.64126 0.46961 -0.0175 0.46905 0.1811 0.781 0.03151 
0.47017 0.63826 0.47045 -0.0197 0.46989 0.18142 0.78239 0.03306 
0.47101 0.64064 0.47128 -0.0173 0.47072 0.18175 0.78378 0.03238 
0.47184 0.64281 0.47211 -0.0196 0.47155 0.18207 0.78517 0.03401 
0.47267 0.64108 0.47295 -0.0184 0.47239 0.18239 0.78656 0.03274 
0.47351 0.64234 0.47378 -0.0174 0.47322 0.18271 0.78795 0.02925 
0.47434 0.64496 0.47461 -0.0167 0.47405 0.18303 0.78934 0.03144 
0.47517 0.64175 0.47545 -0.0166 0.47489 0.18335 0.79072 0.03477 
0.47601 0.64187 0.47628 -0.0164 0.47572 0.18368 0.79211 0.03383 
0.47684 0.64141 0.47711 -0.0159 0.47655 0.184 0.7935 0.03386 
0.47767 0.64016 0.47795 -0.0169 0.47739 0.18432 0.79489 0.03146 
0.47851 0.64021 0.47878 -0.0162 0.47822 0.18464 0.79628 0.03035 
0.47934 0.64255 0.47961 -0.0171 0.47905 0.18496 0.79767 0.0323 
0.48017 0.64203 0.48045 -0.0157 0.47989 0.18528 0.79906 0.03226 
0.48101 0.64194 0.48128 -0.0157 0.48072 0.18561 0.80045 0.032 
0.48184 0.64474 0.48211 -0.0184 0.48155 0.18593 0.80184 0.03225 
0.48267 0.64511 0.48295 -0.0147 0.48239 0.18625 0.80322 0.03552 
0.48351 0.64577 0.48378 -0.0169 0.48322 0.18657 0.80461 0.03541 
0.48434 0.64877 0.48461 -0.0168 0.48405 0.18689 0.806 0.03524 
0.48517 0.64894 0.48545 -0.0167 0.48489 0.18722 0.80739 0.03422 
0.48601 0.64822 0.48628 -0.0155 0.48572 0.18754 0.80878 0.03572 
0.48684 0.65168 0.48711 -0.0156 0.48655 0.18786 0.81017 0.03711 
0.48767 0.64788 0.48795 -0.0163 0.48739 0.18818 0.81156 0.03465 
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0.48851 0.65057 0.48878 -0.0146 0.48822 0.1885 0.81295 0.03522 
0.48934 0.65007 0.48961 -0.0153 0.48905 0.18882 0.81434 0.03379 
0.49017 0.64578 0.49045 -0.0143 0.48989 0.18915 0.81572 0.03504 
0.49101 0.64787 0.49128 -0.0156 0.49072 0.18947 0.81711 0.03676 
0.49184 0.64891 0.49211 -0.0135 0.49155 0.18979 0.8185 0.03555 
0.49267 0.65237 0.49295 -0.0143 0.49239 0.19011 0.81989 0.03615 
0.49351 0.64995 0.49378 -0.0146 0.49322 0.19043 0.82128 0.03715 
0.49434 0.64975 0.49461 -0.0145 0.49405 0.19075 0.82267 0.03697 
0.49517 0.65791 0.49545 -0.0143 0.49489 0.19108 0.82406 0.03616 
0.49601 0.65108 0.49628 -0.0137 0.49572 0.1914 0.82545 0.03764 
0.49684 0.65272 0.49711 -0.0159 0.49655 0.19172 0.82684 0.03609 
0.49767 0.6563 0.49795 -0.0136 0.49739 0.19204 0.82822 0.03695 
0.49851 0.65489 0.49878 -0.0155 0.49822 0.19236 0.82961 0.0385 
0.49934 0.65707 0.49961 -0.0147 0.49905 0.19268 0.831 0.03863 
0.50017 0.65677 0.50045 -0.0152 0.49989 0.19301 0.83239 0.03823 
0.50101 0.65904 0.50128 -0.0139 0.50072 0.19333 0.83378 0.03671 
0.50184 0.65876 0.50211 -0.0144 0.50155 0.19365 0.83517 0.03669 
0.50267 0.6585 0.50295 -0.0137 0.50239 0.19397 0.83656 0.03662 
0.50351 0.66294 0.50378 -0.0143 0.50322 0.19429 0.83795 0.03926 
0.50434 0.65592 0.50461 -0.0143 0.50405 0.19462 0.83934 0.03844 
0.50517 0.65575 0.50545 -0.015 0.50489 0.19494 0.84072 0.03739 
0.50601 0.65868 0.50628 -0.0137 0.50572 0.19526 0.84211 0.03771 
0.50684 0.65641 0.50711 -0.0132 0.50655 0.19558 0.8435 0.03587 
0.50767 0.65773 0.50795 -0.0144 0.50739 0.1959 0.84489 0.03745 
0.50851 0.65795 0.50878 -0.0148 0.50822 0.19622 0.84628 0.03645 
0.50934 0.65731 0.50961 -0.0147 0.50905 0.19655 0.84767 0.03653 
0.51017 0.65947 0.51045 -0.0126 0.50989 0.19687 0.84906 0.03681 
0.51101 0.66044 0.51128 -0.0139 0.51072 0.19719 0.85045 0.03741 
0.51184 0.67053 0.51211 -0.0119 0.51155 0.19751 0.85184 0.03744 
0.51267 0.6621 0.51295 -0.013 0.51239 0.19783 0.85322 0.03899 
0.51351 0.66375 0.51378 -0.0134 0.51322 0.19815 0.85461 0.03823 
0.51434 0.66435 0.51461 -0.0147 0.51405 0.19848 0.856 0.03825 
0.51517 0.66477 0.51545 -0.0134 0.51489 0.1988 0.85739 0.04059 
0.51601 0.66398 0.51628 -0.0151 0.51572 0.19912 0.85878 0.03741 
0.51684 0.66471 0.51711 -0.015 0.51655 0.19944 0.86017 0.03923 
0.51767 0.66924 0.51795 -0.0142 0.51739 0.19976 0.86156 0.03908 
0.51851 0.66237 0.51878 -0.0144 0.51822 0.20009 0.86295 0.0362 
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0.51934 0.66243 0.51961 -0.0144 0.51905 0.20041 0.86434 0.0394 
0.52017 0.66293 0.52045 -0.014 0.51989 0.20073 0.86572 0.04181 
0.52101 0.66349 0.52128 -0.0124 0.52072 0.20105 0.86711 0.03953 
0.52184 0.66334 0.52211 -0.0139 0.52155 0.20137 0.8685 0.04012 
0.52267 0.6654 0.52295 -0.0125 0.52239 0.20169 0.86989 0.03793 
0.52351 0.66808 0.52378 -0.0124 0.52322 0.20202 0.87128 0.03761 
0.52434 0.66482 0.52461 -0.0115 0.52405 0.20234 0.87267 0.03814 
0.52517 0.66526 0.52545 -0.0132 0.52489 0.20266 0.87406 0.04073 
0.52601 0.66835 0.52628 -0.0128 0.52572 0.20298 0.87545 0.03753 
0.52684 0.66904 0.52711 -0.0114 0.52655 0.2033 0.87684 0.03813 
0.52767 0.67015 0.52795 -0.0134 0.52739 0.20362 0.87822 0.03889 
0.52851 0.67068 0.52878 -0.0106 0.52822 0.20395 0.87961 0.03737 
0.52934 0.67705 0.52961 -0.0125 0.52905 0.20427 0.881 0.03754 
0.53017 0.67118 0.53045 -0.0106 0.52989 0.20459 0.88239 0.03816 
0.53101 0.67155 0.53128 -0.0119 0.53072 0.20491 0.88378 0.03931 
0.53184 0.67224 0.53211 -0.0116 0.53155 0.20523 0.88517 0.04063 
0.53267 0.67179 0.53295 -0.01 0.53239 0.20555 0.88656 0.0392 
0.53351 0.67142 0.53378 -0.0097 0.53322 0.20588 0.88795 0.0416 
0.53434 0.67039 0.53461 -0.0126 0.53405 0.2062 0.88934 0.03899 
0.53517 0.67257 0.53545 -0.0111 0.53489 0.20652 0.89072 0.03958 
0.53601 0.67114 0.53628 -0.0109 0.53572 0.20684 0.89211 0.04117 
0.53684 0.67104 0.53711 -0.0138 0.53655 0.20716 0.8935 0.0415 
0.53767 0.67288 0.53795 -0.0119 0.53739 0.20749 0.89489 0.03981 
0.53851 0.67037 0.53878 -0.0137 0.53822 0.20781 0.89628 0.04044 
0.53934 0.67338 0.53961 -0.0123 0.53905 0.20813 0.89767 0.04036 
0.54017 0.67631 0.54045 -0.013 0.53989 0.20845 0.89906 0.04095 
0.54101 0.67945 0.54128 -0.0125 0.54072 0.20877 0.90045 0.04004 
0.54184 0.67697 0.54211 -0.0128 0.54155 0.20909 0.90184 0.03832 
0.54267 0.67759 0.54295 -0.0143 0.54239 0.20942 0.90322 0.04041 
0.54351 0.67829 0.54378 -0.0143 0.54322 0.20974 0.90461 0.03835 
0.54434 0.67843 0.54461 -0.0121 0.54405 0.21006 0.906 0.03648 
0.54517 0.67716 0.54545 -0.0125 0.54489 0.21038 0.90739 0.03965 
0.54601 0.67818 0.54628 -0.0154 0.54572 0.2107 0.90878 0.03819 
0.54684 0.6783 0.54711 -0.0124 0.54655 0.21102 0.91017 0.03895 
0.54767 0.67616 0.54795 -0.0136 0.54739 0.21135 0.91156 0.04168 
0.54851 0.67696 0.54878 -0.0112 0.54822 0.21167 0.91295 0.0409 
0.54934 0.67753 0.54961 -0.0124 0.54905 0.21199 0.91434 0.03795 
292 
 
0.55017 0.679 0.55045 -0.0113 0.54989 0.21231 0.91572 0.03961 
0.55101 0.67933 0.55128 -0.0119 0.55072 0.21263 0.91711 0.03916 
0.55184 0.68076 0.55211 -0.0131 0.55155 0.21296 0.9185 0.04216 
0.55267 0.68711 0.55295 -0.0105 0.55239 0.21328 0.91989 0.04155 
0.55351 0.67987 0.55378 -0.0115 0.55322 0.2136 0.92128 0.04051 
0.55434 0.68196 0.55461 -0.0112 0.55405 0.21392 0.92267 0.03808 
0.55517 0.68483 0.55545 -0.0121 0.55489 0.21424 0.92406 0.03686 
0.55601 0.68467 0.55628 -0.0121 0.55572 0.21456 0.92545 0.03772 
0.55684 0.68644 0.55711 -0.0125 0.55655 0.21489 0.92684 0.0389 
0.55767 0.688 0.55795 -0.0113 0.55739 0.21521 0.92822 0.03822 
0.55851 0.69303 0.55878 -0.0118 0.55822 0.21553 0.92961 0.03707 
0.55934 0.68621 0.55961 -0.0119 0.55905 0.21585 0.931 0.03732 
0.56017 0.68709 0.56045 -0.0115 0.55989 0.21617 0.93239 0.03795 
0.56101 0.68597 0.56128 -0.0127 0.56072 0.21649 0.93378 0.03819 
0.56184 0.68413 0.56211 -0.0105 0.56155 0.21682 0.93517 0.03806 
0.56267 0.6835 0.56295 -0.0119 0.56239 0.21714 0.93656 0.03954 
0.56351 0.68512 0.56378 -0.012 0.56322 0.21746 0.93795 0.03812 
0.56434 0.69265 0.56461 -0.0108 0.56405 0.21778 0.93934 0.03839 
0.56517 0.68402 0.56545 -0.012 0.56489 0.2181 0.94072 0.03851 
0.56601 0.68636 0.56628 -0.0112 0.56572 0.21842 0.94211 0.03863 
0.56684 0.687 0.56711 -0.0119 0.56655 0.21875 0.9435 0.03877 
0.56767 0.69013 0.56795 -0.0095 0.56739 0.21907 0.94489 0.03926 
0.56851 0.69001 0.56878 -0.0116 0.56822 0.21939 0.94628 0.03871 
0.56934 0.69307 0.56961 -0.0108 0.56905 0.21971 0.94767 0.0368 
0.57017 0.69925 0.57045 -0.0106 0.56989 0.22003 0.94906 0.03587 
0.57101 0.69063 0.57128 -0.0097 0.57072 0.22036 0.95045 0.0369 
0.57184 0.6932 0.57211 -0.0117 0.57155 0.22068 0.95184 0.03626 
0.57267 0.69273 0.57295 -0.0101 0.57239 0.221 0.95322 0.03525 
0.57351 0.69193 0.57378 -0.0097 0.57322 0.22132 0.95461 0.03738 
0.57434 0.6911 0.57461 -0.0114 0.57405 0.22164 0.956 0.03499 
0.57517 0.69049 0.57545 -0.0106 0.57489 0.22196 0.95739 0.03518 
0.57601 0.69143 0.57628 -0.0114 0.57572 0.22229 0.95878 0.03495 
0.57684 0.6908 0.57711 -0.0103 0.57655 0.22261 0.96017 0.03695 
0.57767 0.69122 0.57795 -0.0112 0.57739 0.22293 0.96156 0.03698 
0.57851 0.69277 0.57878 -0.0103 0.57822 0.22325 0.96295 0.03475 
0.57934 0.69714 0.57961 -0.0123 0.57905 0.22357 0.96434 0.03428 
0.58017 0.69223 0.58045 -0.0107 0.57989 0.22389 0.96572 0.0371 
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0.58101 0.69288 0.58128 -0.0123 0.58072 0.22422 0.96711 0.03628 
0.58184 0.69569 0.58211 -0.011 0.58155 0.22454 0.9685 0.0374 
0.58267 0.69559 0.58295 -0.0106 0.58239 0.22486 0.96989 0.03847 
0.58351 0.69842 0.58378 -0.0112 0.58322 0.22518 0.97128 0.03756 
0.58434 0.69781 0.58461 -0.0107 0.58405 0.2255 0.97267 0.03597 
0.58517 0.69991 0.58545 -0.0123 0.58489 0.22583 0.97406 0.03646 
0.58601 0.69846 0.58628 -0.0105 0.58572 0.22615 0.97545 0.0374 
0.58684 0.70018 0.58711 -0.0114 0.58655 0.22647 0.97684 0.03725 
0.58767 0.69929 0.58795 -0.0112 0.58739 0.22679 0.97822 0.03807 
0.58851 0.70639 0.58878 -0.0096 0.58822 0.22711 0.97961 0.03765 
0.58934 0.69722 0.58961 -0.0108 0.58905 0.22743 0.981 0.03621 
0.59017 0.69815 0.59045 -0.0102 0.58989 0.22776 0.98239 0.03288 
0.59101 0.69738 0.59128 -0.0113 0.59072 0.22808 0.98378 0.03662 
0.59184 0.69723 0.59211 -0.0104 0.59155 0.2284 0.98517 0.03678 
0.59267 0.69807 0.59295 -0.0114 0.59239 0.22872 0.98656 0.03669 
0.59351 0.69948 0.59378 -0.0108 0.59322 0.22904 0.98795 0.0341 
0.59434 0.70132 0.59461 -0.0117 0.59405 0.22936 0.98934 0.03502 
0.59517 0.69932 0.59545 -0.0103 0.59489 0.22969 0.99072 0.03689 
0.59601 0.70056 0.59628 -0.0111 0.59572 0.23001 0.99211 0.03736 
0.59684 0.70075 0.59711 -0.0106 0.59655 0.23033 0.9935 0.03787 
0.59767 0.70403 0.59795 -0.0109 0.59739 0.23065 0.99489 0.03443 
0.59851 0.70491 0.59878 -0.0104 0.59822 0.23097 0.99628 0.03465 
0.59934 0.70595 0.59961 -0.0126 0.59905 0.23129 0.99767 0.03324 
0.60017 0.70634 0.60045 -0.0107 0.59989 0.23162 0.99906 0.03217 
0.60101 0.71181 0.60128 -0.0125 0.60072 0.23194 1.00045 0.03192 
0.60184 0.70805 0.60211 -0.0124 0.60155 0.23226 1.00184 0.03516 
0.60267 0.70701 0.60295 -0.0124 0.60239 0.23258 1.00322 0.03751 
0.60351 0.7077 0.60378 -0.0118 0.60322 0.2329 1.00461 0.0363 
0.60434 0.70806 0.60461 -0.0121 0.60405 0.23323 1.006 0.03609 
0.60517 0.70412 0.60545 -0.0123 0.60489 0.23355 1.00739 0.03433 
0.60601 0.70393 0.60628 -0.0121 0.60572 0.23387 1.00878 0.03497 
0.60684 0.70399 0.60711 -0.0114 0.60655 0.23419 1.01017 0.0324 
0.60767 0.70407 0.60795 -0.0126 0.60739 0.23451 1.01156 0.03447 
0.60851 0.70305 0.60878 -0.0121 0.60822 0.23483 1.01295 0.03665 
0.60934 0.70433 0.60961 -0.0099 0.60905 0.23516 1.01434 0.03387 
0.61017 0.70812 0.61045 -0.0108 0.60989 0.23548 1.01572 0.03645 
0.61101 0.70363 0.61128 -0.0125 0.61072 0.2358 1.01711 0.03679 
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0.61184 0.70732 0.61211 -0.0134 0.61155 0.23612 1.0185 0.03458 
0.61267 0.71586 0.61295 -0.011 0.61239 0.23644 1.01989 0.03451 
0.61351 0.70901 0.61378 -0.0112 0.61322 0.23676 1.02128 0.03639 
0.61434 0.71055 0.61461 -0.0115 0.61405 0.23709 1.02267 0.03849 
0.61517 0.71086 0.61545 -0.0107 0.61489 0.23741 1.02406 0.03727 
0.61601 0.71006 0.61628 -0.0138 0.61572 0.23773 1.02545 0.03694 
0.61684 0.712 0.61711 -0.0095 0.61655 0.23805 1.02684 0.03648 
0.61767 0.71169 0.61795 -0.011 0.61739 0.23837 1.02822 0.03524 
0.61851 0.7133 0.61878 -0.0105 0.61822 0.2387 1.02961 0.03483 
0.61934 0.70927 0.61961 -0.0121 0.61905 0.23902 1.031 0.03551 
0.62017 0.70853 0.62045 -0.0132 0.61989 0.23934 1.03239 0.03707 
0.62101 0.70873 0.62128 -0.0122 0.62072 0.23966 1.03378 0.03225 
0.62184 0.70704 0.62211 -0.012 0.62155 0.23998 1.03517 0.0325 
0.62267 0.70869 0.62295 -0.0124 0.62239 0.2403 1.03656 0.03269 
0.62351 0.70972 0.62378 -0.014 0.62322 0.24063 1.03795 0.03312 
0.62434 0.71155 0.62461 -0.0118 0.62405 0.24095 1.03934 0.03478 
0.62517 0.71114 0.62545 -0.0115 0.62489 0.24127 1.04072 0.03389 
0.62601 0.71453 0.62628 -0.0124 0.62572 0.24159 1.04211 0.03318 
0.62684 0.71445 0.62711 -0.0131 0.62655 0.24191 1.0435 0.03297 
0.62767 0.71568 0.62795 -0.0119 0.62739 0.24223 1.04489 0.03564 
0.62851 0.71424 0.62878 -0.0119 0.62822 0.24256 1.04628 0.03482 
0.62934 0.71548 0.62961 -0.013 0.62905 0.24288 1.04767 0.03525 
0.63017 0.71605 0.63045 -0.0124 0.62989 0.2432 1.04906 0.03719 
0.63101 0.72007 0.63128 -0.0118 0.63072 0.24352 1.05045 0.03569 
0.63184 0.71287 0.63211 -0.0133 0.63155 0.24384 1.05184 0.03452 
0.63267 0.71161 0.63295 -0.0118 0.63239 0.24416 1.05322 0.03429 
0.63351 0.71226 0.63378 -0.012 0.63322 0.24449 1.05462 0.0341 
0.63434 0.71291 0.63461 -0.0114 0.63405 0.24481 1.056 0.03742 
0.63517 0.7125 0.63545 -0.0121 0.63489 0.24513 1.05739 0.03375 
0.63601 0.71371 0.63628 -0.0086 0.63572 0.24545 1.05878 0.03513 
0.63684 0.71396 0.63711 -0.012 0.63655 0.24577 1.06017 0.0373 
0.63767 0.71455 0.63795 -0.0106 0.63739 0.2461 1.06156 0.03547 
0.63851 0.71744 0.63878 -0.0113 0.63822 0.24642 1.06295 0.03786 
0.63934 0.71918 0.63961 -0.0105 0.63905 0.24674 1.06434 0.03709 
0.64017 0.72119 0.64045 -0.0105 0.63989 0.24706 1.06572 0.03438 
0.64101 0.71892 0.64128 -0.012 0.64072 0.24738 1.06711 0.03388 
0.64184 0.71826 0.64211 -0.01 0.64155 0.2477 1.0685 0.03529 
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0.64267 0.7182 0.64295 -0.012 0.64239 0.24803 1.06989 0.03514 
0.64351 0.71623 0.64378 -0.013 0.64322 0.24835 1.07128 0.0347 
0.64434 0.71653 0.64461 -0.0128 0.64405 0.24867 1.07267 0.03568 
0.64517 0.71593 0.64545 -0.0115 0.64489 0.24899 1.07406 0.03777 
0.64601 0.71733 0.64628 -0.0119 0.64572 0.24931 1.07545 0.03673 
0.64684 0.71676 0.64711 -0.0128 0.64655 0.24963 1.07684 0.03667 
0.64767 0.71701 0.64795 -0.0109 0.64739 0.24996 1.07822 0.03533 
0.64851 0.71806 0.64878 -0.0121 0.64822 0.25028 1.07961 0.03562 
0.64934 0.7182 0.64961 -0.0125 0.64905 0.2506 1.081 0.03687 
0.65017 0.72232 0.65045 -0.0142 0.64989 0.25092 1.08239 0.03655 
0.65101 0.72369 0.65128 -0.0114 0.65072 0.25124 1.08378 0.03257 
0.65184 0.72465 0.65211 -0.0122 0.65155 0.25157 1.08517 0.03421 
0.65267 0.72351 0.65295 -0.0118 0.65239 0.25189 1.08656 0.03409 
0.65351 0.72437 0.65378 -0.0118 0.65322 0.25221 1.08795 0.03549 
0.65434 0.72475 0.65461 -0.0116 0.65405 0.25253 1.08934 0.03394 
0.65517 0.72577 0.65545 -0.0129 0.65489 0.25285 1.09072 0.03778 
0.65601 0.7253 0.65628 -0.0121 0.65572 0.25317 1.09211 0.03705 
0.65684 0.72522 0.65711 -0.0106 0.65655 0.2535 1.0935 0.0368 
0.65767 0.72486 0.65795 -0.0135 0.65739 0.25382 1.0949 0.03814 
0.65851 0.72581 0.65878 -0.0088 0.65822 0.25414 1.09628 0.03659 
0.65934 0.72159 0.65961 -0.0126 0.65905 0.25446 1.09767 0.03723 
0.66017 0.72237 0.66045 -0.0127 0.65989 0.25478 1.09906 0.03736 
0.66101 0.72404 0.66128 -0.0125 0.66072 0.2551 1.10045 0.04101 
0.66184 0.72829 0.66211 -0.014 0.66155 0.25543 1.10184 0.04352 
0.66267 0.72339 0.66295 -0.0114 0.66239 0.25575 1.10322 0.04712 
0.66351 0.72534 0.66378 -0.0129 0.66322 0.25607 1.10461 0.04292 
0.66434 0.7258 0.66461 -0.0122 0.66405 0.25639 1.106 0.04251 
0.66517 0.72559 0.66545 -0.0143 0.66489 0.25671 1.10739 0.04103 
0.66601 0.72837 0.66628 -0.0115 0.66572 0.25703 1.10878 0.03765 
0.66684 0.72903 0.66711 -0.0124 0.66655 0.25736 1.11017 0.03986 
0.66767 0.73595 0.66795 -0.0137 0.66739 0.25768 1.11156 0.03965 
0.66851 0.7296 0.66878 -0.0115 0.66822 0.258 1.11295 0.03782 
0.66934 0.73074 0.66961 -0.0121 0.66905 0.25832 1.11434 0.0415 
0.67017 0.73094 0.67045 -0.0123 0.66989 0.25864 1.11572 0.04048 
0.67101 0.73679 0.67128 -0.0125 0.67072 0.25897 1.11711 0.04036 
0.67184 0.73065 0.67211 -0.0123 0.67155 0.25929 1.1185 0.03696 
0.67267 0.73148 0.67295 -0.0106 0.67239 0.25961 1.11989 0.04076 
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0.67351 0.731 0.67378 -0.0139 0.67322 0.25993 1.12128 0.04068 
0.67434 0.72984 0.67461 -0.0104 0.67405 0.26025 1.12267 0.03726 
0.67517 0.73029 0.67545 -0.0132 0.67489 0.26057 1.12406 0.03872 
0.67601 0.72882 0.67628 -0.0122 0.67572 0.2609 1.12545 0.03701 
0.67684 0.73059 0.67711 -0.0119 0.67655 0.26122 1.12684 0.03952 
0.67767 0.73114 0.67795 -0.0112 0.67739 0.26154 1.12822 0.03992 
0.67851 0.73007 0.67878 -0.0124 0.67822 0.26186 1.12961 0.0423 
0.67934 0.73253 0.67961 -0.0126 0.67905 0.26218 1.131 0.04025 
0.68017 0.73344 0.68045 -0.0125 0.67989 0.2625 1.13239 0.03701 
0.68101 0.73474 0.68128 -0.0138 0.68072 0.26283 1.13378 0.03913 
0.68184 0.73752 0.68211 -0.0111 0.68155 0.26315 1.13517 0.03928 
0.68267 0.73609 0.68295 -0.0142 0.68239 0.26347 1.13656 0.03947 
0.68351 0.73722 0.68378 -0.0114 0.68322 0.26379 1.13795 0.03913 
0.68434 0.73673 0.68461 -0.0138 0.68405 0.26411 1.13934 0.0382 
0.68517 0.73846 0.68545 -0.0145 0.68489 0.26444 1.14072 0.04068 
0.68601 0.73763 0.68628 -0.0146 0.68572 0.26476 1.14211 0.04 
0.68684 0.73905 0.68711 -0.0147 0.68655 0.26508 1.1435 0.04029 
0.68767 0.73587 0.68795 -0.0135 0.68739 0.2654 1.14489 0.03939 
0.68851 0.73531 0.68878 -0.0155 0.68822 0.26572 1.14628 0.03987 
0.68934 0.7339 0.68961 -0.013 0.68905 0.26604 1.14768 0.04042 
0.69017 0.73785 0.69045 -0.0141 0.68989 0.26637 1.14906 0.03616 
0.69101 0.73376 0.69128 -0.0137 0.69072 0.26669 1.15045 0.03899 
0.69184 0.73534 0.69211 -0.0145 0.69155 0.26701 1.15184 0.0394 
0.69267 0.7362 0.69295 -0.0152 0.69239 0.26733 1.15322 0.03667 
0.69351 0.73514 0.69378 -0.0132 0.69322 0.26765 1.15461 0.03869 
0.69434 0.73745 0.69461 -0.0139 0.69405 0.26797 1.156 0.04058 
0.69517 0.73862 0.69545 -0.0145 0.69489 0.2683 1.15739 0.03674 
0.69601 0.74375 0.69628 -0.015 0.69572 0.26862 1.15878 0.04024 
0.69684 0.74173 0.69711 -0.014 0.69655 0.26894 1.16017 0.04082 
0.69767 0.74214 0.69795 -0.0158 0.69739 0.26926 1.16156 0.03834 
0.69851 0.74299 0.69878 -0.0137 0.69822 0.26958 1.16295 0.04026 
0.69934 0.74323 0.69961 -0.0142 0.69905 0.2699 1.16434 0.03976 
0.70017 0.74296 0.70045 -0.016 0.69989 0.27023 1.16572 0.03993 
0.70101 0.7442 0.70128 -0.0154 0.70072 0.27055 1.16711 0.03704 
0.70184 0.74353 0.70211 -0.0163 0.70155 0.27087 1.1685 0.03786 
0.70267 0.7454 0.70295 -0.0142 0.70239 0.27119 1.16989 0.03694 
0.70351 0.74119 0.70378 -0.0164 0.70322 0.27151 1.17128 0.04055 
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0.70434 0.74148 0.70461 -0.0153 0.70405 0.27184 1.17267 0.03957 
0.70517 0.74293 0.70545 -0.0157 0.70489 0.27216 1.17406 0.03644 
0.70601 0.74826 0.70628 -0.0156 0.70572 0.27248 1.17545 0.03519 
0.70684 0.74461 0.70711 -0.0169 0.70655 0.2728 1.17684 0.03535 
0.70767 0.74422 0.70795 -0.0161 0.70739 0.27312 1.17822 0.03742 
0.70851 0.7442 0.70878 -0.0152 0.70822 0.27344 1.17961 0.03804 
0.70934 0.7487 0.70961 -0.0152 0.70905 0.27377 1.181 0.03681 
0.71017 0.74406 0.71045 -0.0144 0.70989 0.27409 1.18239 0.03846 
0.71101 0.747 0.71128 -0.0155 0.71072 0.27441 1.18378 0.03905 
0.71184 0.74762 0.71211 -0.0149 0.71155 0.27473 1.18517 0.03678 
0.71267 0.7521 0.71295 -0.015 0.71239 0.27505 1.18656 0.03827 
0.71351 0.74818 0.71378 -0.0151 0.71322 0.27537 1.18795 0.03968 
0.71434 0.74986 0.71461 -0.0159 0.71405 0.2757 1.18934 0.03812 
0.71517 0.74992 0.71545 -0.0151 0.71489 0.27602 1.19072 0.03905 
0.71601 0.75306 0.71628 -0.0168 0.71572 0.27634 1.19211 0.03959 
0.71684 0.74826 0.71711 -0.0168 0.71655 0.27666 1.1935 0.04118 
0.71767 0.7473 0.71795 -0.0146 0.71739 0.27698 1.19489 0.04121 
0.71851 0.74773 0.71878 -0.0183 0.71822 0.27731 1.19628 0.03926 
0.71934 0.75093 0.71961 -0.0152 0.71905 0.27763 1.19767 0.03855 
0.72017 0.74582 0.72045 -0.0147 0.71989 0.27795 1.19906 0.03827 
0.72101 0.74758 0.72128 -0.0163 0.72072 0.27827 1.20045 0.03854 
0.72184 0.74761 0.72211 -0.0163 0.72155 0.27859 1.20184 0.03884 
0.72267 0.75028 0.72295 -0.0156 0.72239 0.27891 1.20322 0.03881 
0.72351 0.74891 0.72378 -0.0152 0.72322 0.27924 1.20461 0.03992 
0.72434 0.75018 0.72461 -0.0166 0.72405 0.27956 1.206 0.03762 
0.72517 0.75232 0.72545 -0.0171 0.72489 0.27988 1.20739 0.03678 
0.72601 0.75447 0.72628 -0.0162 0.72572 0.2802 1.20878 0.03838 
0.72684 0.75468 0.72711 -0.0156 0.72655 0.28052 1.21017 0.04019 
0.72767 0.7552 0.72795 -0.0168 0.72739 0.28084 1.21156 0.03762 
0.72851 0.75528 0.72878 -0.0158 0.72822 0.28117 1.21295 0.0357 
0.72934 0.75725 0.72961 -0.0158 0.72905 0.28149 1.21434 0.03761 
0.73017 0.76319 0.73045 -0.0159 0.72989 0.28181 1.21572 0.03797 
0.73101 0.75342 0.73128 -0.0154 0.73072 0.28213 1.21711 0.03856 
0.73184 0.75223 0.73211 -0.017 0.73155 0.28245 1.2185 0.03946 
0.73267 0.75207 0.73295 -0.0142 0.73239 0.28277 1.21989 0.03828 
0.73351 0.75535 0.73378 -0.0184 0.73322 0.2831 1.22128 0.04112 
0.73434 0.75188 0.73461 -0.0163 0.73405 0.28342 1.22267 0.03837 
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0.73517 0.75411 0.73545 -0.016 0.73489 0.28374 1.22406 0.04018 
0.73601 0.75552 0.73628 -0.0171 0.73572 0.28406 1.22545 0.03981 
0.73684 0.76043 0.73711 -0.0166 0.73655 0.28438 1.22684 0.03986 
0.73767 0.75714 0.73795 -0.0177 0.73739 0.28471 1.22822 0.03897 
0.73851 0.75879 0.73878 -0.0162 0.73822 0.28503 1.22961 0.03921 
0.73934 0.75972 0.73961 -0.0177 0.73905 0.28535 1.231 0.03986 
0.74017 0.76157 0.74045 -0.016 0.73989 0.28567 1.23239 0.03914 
0.74101 0.76065 0.74128 -0.0161 0.74072 0.28599 1.23378 0.03733 
0.74184 0.76021 0.74211 -0.0173 0.74155 0.28631 1.23517 0.03495 
0.74267 0.76044 0.74295 -0.0157 0.74239 0.28664 1.23656 0.03692 
0.74351 0.76133 0.74378 -0.0181 0.74322 0.28696 1.23795 0.03749 
0.74434 0.75925 0.74461 -0.0146 0.74405 0.28728 1.23934 0.04046 
0.74517 0.75758 0.74545 -0.0186 0.74489 0.2876 1.24072 0.0392 
0.74601 0.75703 0.74628 -0.0166 0.74572 0.28792 1.24211 0.04027 
0.74684 0.75939 0.74711 -0.0157 0.74655 0.28824 1.2435 0.04144 
0.74767 0.75752 0.74795 -0.0152 0.74739 0.28857 1.24489 0.04271 
0.74851 0.7588 0.74878 -0.0162 0.74822 0.28889 1.24628 0.04278 
0.74934 0.7589 0.74961 -0.0155 0.74905 0.28921 1.24767 0.04196 
0.75017 0.76217 0.75045 -0.015 0.74989 0.28953 1.24906 0.04118 
0.75101 0.76036 0.75128 -0.0165 0.75072 0.28985 1.25045 0.04009 
0.75184 0.76316 0.75211 -0.0152 0.75155 0.29018 1.25184 0.04221 
0.75267 0.76392 0.75295 -0.016 0.75239 0.2905 1.25322 0.04387 
0.75351 0.76458 0.75378 -0.0144 0.75322 0.29082 1.25461 0.04034 
0.75434 0.76502 0.75461 -0.0188 0.75405 0.29114 1.256 0.04268 
0.75517 0.76373 0.75545 -0.0171 0.75489 0.29146 1.25739 0.04169 
0.75601 0.76435 0.75628 -0.0172 0.75572 0.29178 1.25878 0.04274 
0.75684 0.7646 0.75711 -0.0177 0.75655 0.29211 1.26017 0.04077 
0.75767 0.76347 0.75795 -0.0178 0.75739 0.29243 1.26156 0.04265 
0.75851 0.76311 0.75878 -0.0181 0.75822 0.29275 1.26295 0.04245 
0.75934 0.76298 0.75961 -0.0164 0.75905 0.29307 1.26434 0.04233 
0.76017 0.76529 0.76045 -0.0184 0.75989 0.29339 1.26572 0.04211 
0.76101 0.76188 0.76128 -0.0165 0.76072 0.29371 1.26711 0.04126 
0.76184 0.76572 0.76211 -0.0177 0.76155 0.29404 1.2685 0.04231 
0.76267 0.76389 0.76295 -0.0171 0.76239 0.29436 1.26989 0.04258 
0.76351 0.76525 0.76378 -0.0181 0.76322 0.29468 1.27128 0.04211 
0.76434 0.77224 0.76461 -0.0173 0.76405 0.295 1.27267 0.04163 
0.76517 0.76956 0.76545 -0.0154 0.76489 0.29532 1.27406 0.04315 
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0.76601 0.77104 0.76628 -0.0178 0.76572 0.29564 1.27545 0.04399 
0.76684 0.76983 0.76711 -0.0162 0.76655 0.29597 1.27684 0.04439 
0.76767 0.77053 0.76795 -0.0161 0.76739 0.29629 1.27822 0.04317 
0.76851 0.76862 0.76878 -0.0148 0.76822 0.29661 1.27961 0.04219 
0.76934 0.77198 0.76961 -0.0163 0.76905 0.29693 1.28101 0.0411 
0.77017 0.77127 0.77045 -0.0156 0.76989 0.29725 1.28239 0.04383 
0.77101 0.77057 0.77128 -0.0161 0.77072 0.29758 1.28378 0.04229 
0.77184 0.77511 0.77211 -0.0185 0.77155 0.2979 1.28517 0.04575 
0.77267 0.7673 0.77295 -0.0171 0.77239 0.29822 1.28656 0.04448 
0.77351 0.76605 0.77378 -0.0183 0.77322 0.29854 1.28795 0.04332 
0.77434 0.76702 0.77461 -0.0148 0.77405 0.29886 1.28934 0.04477 
0.77517 0.76679 0.77545 -0.0182 0.77489 0.29918 1.29072 0.04513 
0.77601 0.76753 0.77628 -0.0155 0.77572 0.29951 1.29211 0.04416 
0.77684 0.76758 0.77711 -0.0161 0.77655 0.29983 1.2935 0.04397 
0.77767 0.76865 0.77795 -0.0178 0.77739 0.30015 1.29489 0.04407 
0.77851 0.77022 0.77878 -0.0162 0.77822 0.30047 1.29628 0.04482 
0.77934 0.77046 0.77961 -0.017 0.77905 0.30079 1.29767 0.04519 
0.78017 0.77504 0.78045 -0.0166 0.77989 0.30111 1.29906 0.04588 
0.78101 0.77526 0.78128 -0.0176 0.78072 0.30144 1.30045 0.04569 
0.78184 0.77624 0.78211 -0.0178 0.78155 0.30176 1.30184 0.04605 
0.78267 0.77721 0.78295 -0.0173 0.78239 0.30208 1.30322 0.04501 
0.78351 0.77662 0.78378 -0.0158 0.78322 0.3024 1.30461 0.04488 
0.78434 0.77635 0.78461 -0.0177 0.78405 0.30272 1.306 0.04803 
0.78517 0.77491 0.78545 -0.0167 0.78489 0.30305 1.30739 0.04554 
0.78601 0.77488 0.78628 -0.0152 0.78572 0.30337 1.30878 0.04614 
0.78684 0.77367 0.78711 -0.0182 0.78655 0.30369 1.31017 0.04516 
0.78767 0.77404 0.78795 -0.0173 0.78739 0.30401 1.31156 0.044 
0.78851 0.77389 0.78878 -0.017 0.78822 0.30433 1.31295 0.04371 
0.78934 0.77426 0.78961 -0.0162 0.78905 0.30465 1.31434 0.04655 
0.79017 0.78188 0.79045 -0.0178 0.78989 0.30498 1.31572 0.04801 
0.79101 0.775 0.79128 -0.0164 0.79072 0.3053 1.31711 0.04681 
0.79184 0.77739 0.79211 -0.018 0.79155 0.30562 1.3185 0.04512 
0.79267 0.7779 0.79295 -0.0169 0.79239 0.30594 1.31989 0.0453 
0.79351 0.7799 0.79378 -0.0187 0.79322 0.30626 1.32128 0.04704 
0.79434 0.77899 0.79461 -0.0153 0.79405 0.30658 1.32267 0.0476 
0.79517 0.77896 0.79545 -0.0166 0.79489 0.30691 1.32406 0.04506 
0.79601 0.78008 0.79628 -0.0178 0.79572 0.30723 1.32545 0.0455 
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0.79684 0.78058 0.79711 -0.0173 0.79655 0.30755 1.32684 0.04883 
0.79767 0.78142 0.79795 -0.0181 0.79739 0.30787 1.32822 0.04815 
0.79851 0.78001 0.79878 -0.0167 0.79822 0.30819 1.32961 0.04726 
0.79934 0.77825 0.79961 -0.0189 0.79905 0.30851 1.331 0.04781 
0.80017 0.77714 0.80045 -0.017 0.79989 0.30884 1.33239 0.04818 
0.80101 0.77709 0.80128 -0.0167 0.80072 0.30916 1.33378 0.04819 
0.80184 0.78174 0.80211 -0.0176 0.80155 0.30948 1.33517 0.04824 
0.80267 0.77938 0.80295 -0.0199 0.80239 0.3098 1.33656 0.04689 
0.80351 0.77977 0.80378 -0.0174 0.80322 0.31012 1.33795 0.04755 
0.80434 0.7797 0.80461 -0.0186 0.80405 0.31045 1.33934 0.04477 
0.80517 0.78168 0.80545 -0.0175 0.80489 0.31077 1.34072 0.04482 
0.80601 0.78177 0.80628 -0.0182 0.80572 0.31109 1.34211 0.04857 
0.80684 0.78349 0.80711 -0.0163 0.80655 0.31141 1.3435 0.04697 
0.80767 0.78352 0.80795 -0.0165 0.80739 0.31173 1.34489 0.04666 
0.80851 0.78386 0.80878 -0.0172 0.80822 0.31205 1.34628 0.04913 
0.80934 0.78287 0.80961 -0.0163 0.80905 0.31238 1.34767 0.04734 
0.81017 0.7855 0.81045 -0.0185 0.80989 0.3127 1.34906 0.04646 
0.81101 0.78489 0.81128 -0.0182 0.81072 0.31302 1.35045 0.04793 
0.81184 0.78407 0.81211 -0.0184 0.81155 0.31334 1.35184 0.04785 
0.81267 0.78307 0.81295 -0.0166 0.81239 0.31366 1.35322 0.0468 
0.81351 0.78215 0.81378 -0.0167 0.81322 0.31398 1.35461 0.04838 
0.81434 0.78213 0.81461 -0.0181 0.81405 0.31431 1.356 0.04677 
0.81517 0.78124 0.81545 -0.0169 0.81489 0.31463 1.35739 0.04676 
0.81601 0.78357 0.81628 -0.0176 0.81572 0.31495 1.35878 0.04686 
0.81684 0.78446 0.81711 -0.017 0.81655 0.31527 1.36017 0.04671 
0.81767 0.78421 0.81795 -0.018 0.81739 0.31559 1.36156 0.04805 
0.81851 0.78499 0.81878 -0.0171 0.81822 0.31592 1.36295 0.04659 
0.81934 0.78589 0.81961 -0.017 0.81905 0.31624 1.36434 0.0466 
0.82017 0.79482 0.82045 -0.0187 0.81989 0.31656 1.36572 0.04654 
0.82101 0.78891 0.82128 -0.0166 0.82072 0.31688 1.36711 0.04681 
0.82184 0.78896 0.82211 -0.0181 0.82155 0.3172 1.3685 0.04737 
0.82267 0.78912 0.82295 -0.0167 0.82239 0.31752 1.36989 0.04622 
0.82351 0.79067 0.82378 -0.0185 0.82322 0.31785 1.37128 0.04928 
0.82434 0.78953 0.82461 -0.0172 0.82405 0.31817 1.37267 0.04973 
0.82517 0.78948 0.82545 -0.0179 0.82489 0.31849 1.37406 0.04905 
0.82601 0.78813 0.82628 -0.0188 0.82572 0.31881 1.37545 0.04774 
0.82684 0.78786 0.82711 -0.0177 0.82655 0.31913 1.37684 0.0503 
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0.82767 0.78717 0.82795 -0.0185 0.82739 0.31945 1.37822 0.04957 
0.82851 0.78755 0.82878 -0.0156 0.82822 0.31978 1.37961 0.0507 
0.82934 0.7876 0.82961 -0.0179 0.82905 0.3201 1.381 0.05251 
0.83017 0.78927 0.83045 -0.0167 0.82989 0.32042 1.38239 0.05004 
0.83101 0.78891 0.83128 -0.0158 0.83072 0.32074 1.38378 0.04816 
0.83184 0.79009 0.83211 -0.0163 0.83155 0.32106 1.38517 0.04825 
0.83267 0.79141 0.83295 -0.0182 0.83239 0.32139 1.38656 0.04797 
0.83351 0.79318 0.83378 -0.0186 0.83322 0.32171 1.38795 0.04706 
0.83434 0.79378 0.83461 -0.0168 0.83405 0.32203 1.38934 0.04907 
0.83517 0.79332 0.83545 -0.017 0.83489 0.32235 1.39072 0.04818 
0.83601 0.79413 0.83628 -0.0164 0.83572 0.32267 1.39211 0.04654 
0.83684 0.79359 0.83711 -0.017 0.83655 0.32299 1.3935 0.04904 
0.83767 0.79452 0.83795 -0.0167 0.83739 0.32332 1.39489 0.04722 
0.83851 0.79337 0.83878 -0.0172 0.83822 0.32364 1.39628 0.05105 
0.83934 0.79132 0.83961 -0.0169 0.83905 0.32396 1.39767 0.04798 
0.84017 0.79676 0.84045 -0.0171 0.83989 0.32428 1.39906 0.05055 
0.84101 0.78966 0.84128 -0.0154 0.84072 0.3246 1.40045 0.04908 
0.84184 0.79047 0.84211 -0.0164 0.84155 0.32492 1.40184 0.04853 
0.84267 0.79138 0.84295 -0.0158 0.84239 0.32525 1.40322 0.04833 
0.84351 0.79167 0.84378 -0.019 0.84322 0.32557 1.40461 0.05028 
0.84434 0.79827 0.84461 -0.0155 0.84405 0.32589 1.406 0.04978 
0.84517 0.79246 0.84545 -0.0158 0.84489 0.32621 1.40739 0.0487 
0.84601 0.79449 0.84628 -0.0175 0.84572 0.32653 1.40878 0.04745 
0.84684 0.79552 0.84711 -0.0143 0.84655 0.32685 1.41017 0.04878 
0.84767 0.79705 0.84795 -0.0168 0.84739 0.32718 1.41156 0.05094 
0.84851 0.79752 0.84878 -0.0166 0.84822 0.3275 1.41295 0.04811 
0.84934 0.79675 0.84961 -0.0154 0.84905 0.32782 1.41434 0.04723 
0.85017 0.79716 0.85045 -0.0175 0.84989 0.32814 1.41572 0.05016 
0.85101 0.79699 0.85128 -0.0156 0.85072 0.32846 1.41711 0.05001 
0.85184 0.79712 0.85211 -0.0165 0.85155 0.32879 1.4185 0.04903 
0.85267 0.79574 0.85295 -0.0163 0.85239 0.32911 1.41989 0.04626 
0.85351 0.79396 0.85378 -0.0172 0.85322 0.32943 1.42128 0.04905 
0.85434 0.79461 0.85461 -0.0163 0.85405 0.32975 1.42267 0.04614 
0.85517 0.79328 0.85545 -0.0161 0.85489 0.33007 1.42406 0.05 
0.85601 0.79516 0.85628 -0.0156 0.85572 0.33039 1.42545 0.04935 
0.85684 0.79537 0.85711 -0.0158 0.85655 0.33072 1.42684 0.05042 
0.85767 0.80223 0.85795 -0.0148 0.85739 0.33104 1.42822 0.04954 
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0.85851 0.79475 0.85878 -0.0166 0.85822 0.33136 1.42961 0.04772 
0.85934 0.79723 0.85961 -0.0164 0.85905 0.33168 1.431 0.04867 
0.86017 0.79855 0.86045 -0.0161 0.85989 0.332 1.43239 0.04875 
0.86101 0.79959 0.86128 -0.0168 0.86072 0.33232 1.43378 0.04683 
0.86184 0.80117 0.86211 -0.0173 0.86155 0.33265 1.43517 0.05089 
0.86267 0.79809 0.86295 -0.0164 0.86239 0.33297 1.43656 0.04872 
0.86351 0.80076 0.86378 -0.015 0.86322 0.33329 1.43795 0.04611 
0.86434 0.80114 0.86461 -0.0187 0.86405 0.33361 1.43934 0.04797 
0.86517 0.80128 0.86545 -0.0137 0.86489 0.33393 1.44072 0.04573 
0.86601 0.80706 0.86628 -0.0159 0.86572 0.33426 1.44211 0.04783 
0.86684 0.79984 0.86711 -0.0148 0.86655 0.33458 1.4435 0.04211 
0.86767 0.79907 0.86795 -0.0166 0.86739 0.3349 1.44489 0.04258 
0.86851 0.79937 0.86878 -0.0154 0.86822 0.33522 1.44628 0.04291 
0.86934 0.80032 0.86961 -0.0149 0.86905 0.33554 1.44767 0.04454 
0.87017 0.80218 0.87045 -0.0154 0.86989 0.33586 1.44906 0.05103 
0.87101 0.80264 0.87128 -0.0152 0.87072 0.33619 1.45045 0.04999 
0.87184 0.8018 0.87211 -0.0167 0.87155 0.33651 1.45184 0.04836 
0.87267 0.80052 0.87295 -0.015 0.87239 0.33683 1.45322 0.04934 
0.87351 0.80393 0.87378 -0.0163 0.87322 0.33715 1.45461 0.05154 
0.87434 0.80616 0.87461 -0.0166 0.87405 0.33747 1.456 0.0483 
0.87517 0.80714 0.87545 -0.0162 0.87489 0.33779 1.45739 0.04683 
0.87601 0.807 0.87628 -0.0175 0.87572 0.33812 1.45878 0.04611 
0.87684 0.8068 0.87711 -0.0154 0.87655 0.33844 1.46017 0.04395 
0.87767 0.80766 0.87795 -0.0167 0.87739 0.33876 1.46156 0.04565 
0.87851 0.81516 0.87878 -0.0153 0.87822 0.33908 1.46295 0.04681 
0.87934 0.80672 0.87961 -0.0162 0.87905 0.3394 1.46434 0.04415 
0.88017 0.80687 0.88045 -0.0161 0.87989 0.33972 1.46572 0.04705 
0.88101 0.80549 0.88128 -0.0149 0.88072 0.34005 1.46711 0.04316 
0.88184 0.80426 0.88211 -0.0165 0.88155 0.34037 1.4685 0.0461 
0.88267 0.80659 0.88295 -0.0149 0.88239 0.34069 1.46989 0.04352 
0.88351 0.80519 0.88378 -0.0162 0.88322 0.34101 1.47128 0.04376 
0.88434 0.80454 0.88461 -0.0149 0.88405 0.34133 1.47267 0.0446 
0.88517 0.80616 0.88545 -0.0158 0.88489 0.34166 1.47406 0.04717 
0.88601 0.80578 0.88628 -0.0161 0.88572 0.34198 1.47545 0.04357 
0.88684 0.80628 0.88711 -0.0141 0.88655 0.3423 1.47684 0.04276 
0.88767 0.80738 0.88795 -0.0162 0.88739 0.34262 1.47822 0.04816 
0.88851 0.80945 0.88878 -0.0159 0.88822 0.34294 1.47961 0.04715 
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0.88934 0.81119 0.88961 -0.0158 0.88905 0.34326 1.481 0.04935 
0.89017 0.81198 0.89045 -0.0141 0.88989 0.34359 1.48239 0.04701 
0.89101 0.81347 0.89128 -0.0154 0.89072 0.34391 1.48378 0.04399 
0.89184 0.81835 0.89211 -0.0155 0.89155 0.34423 1.48517 0.0476 
0.89267 0.81294 0.89295 -0.0153 0.89239 0.34455 1.48656 0.042 
0.89351 0.81282 0.89378 -0.0151 0.89322 0.34487 1.48795 0.04453 
0.89434 0.81308 0.89461 -0.0141 0.89405 0.34519 1.48934 0.04245 
0.89517 0.81264 0.89545 -0.0173 0.89489 0.34552 1.49072 0.04222 
0.89601 0.81238 0.89628 -0.0137 0.89572 0.34584 1.49211 0.04107 
0.89684 0.81122 0.89711 -0.0134 0.89655 0.34616 1.4935 0.04344 
0.89767 0.81078 0.89795 -0.0133 0.89739 0.34648 1.49489 0.04473 
0.89851 0.81094 0.89878 -0.0157 0.89822 0.3468 1.49628 0.04644 
0.89934 0.81096 0.89961 -0.0142 0.89905 0.34713 1.49767 0.04272 
0.90017 0.81164 0.90045 -0.0146 0.89989 0.34745 1.49906 0.04336 
0.90101 0.81074 0.90128 -0.0158 0.90072 0.34777 1.50045 0.04165 
0.90184 0.81227 0.90211 -0.0155 0.90155 0.34809 1.50184 0.04418 
0.90267 0.81342 0.90295 -0.0163 0.90239 0.34841 1.50322 0.04629 
0.90351 0.81534 0.90378 -0.0161 0.90322 0.34873 1.50461 0.04777 
0.90434 0.81801 0.90461 -0.0176 0.90405 0.34906 1.506 0.04512 
0.90517 0.82372 0.90545 -0.0139 0.90489 0.34938 1.50739 0.04556 
0.90601 0.81688 0.90628 -0.0151 0.90572 0.3497 1.50878 0.0444 
0.90684 0.81567 0.90711 -0.0156 0.90655 0.35002 1.51017 0.04397 
0.90767 0.81664 0.90795 -0.0163 0.90739 0.35034 1.51156 0.04374 
0.90851 0.81698 0.90878 -0.0147 0.90822 0.35066 1.51295 0.04344 
0.90934 0.82051 0.90961 -0.016 0.90905 0.35099 1.51434 0.0449 
0.91017 0.81645 0.91045 -0.0156 0.90989 0.35131 1.51572 0.04315 
0.91101 0.81569 0.91128 -0.0151 0.91072 0.35163 1.51711 0.04556 
0.91184 0.81527 0.91211 -0.0164 0.91155 0.35195 1.5185 0.04433 
0.91267 0.81542 0.91295 -0.0154 0.91239 0.35227 1.51989 0.04289 
0.91351 0.81623 0.91378 -0.0173 0.91322 0.35259 1.52128 0.04432 
0.91434 0.81665 0.91461 -0.0143 0.91405 0.35292 1.52267 0.04588 
0.91517 0.81649 0.91545 -0.0165 0.91489 0.35324 1.52406 0.04394 
0.91601 0.8165 0.91628 -0.0161 0.91572 0.35356 1.52545 0.04323 
0.91684 0.81805 0.91711 -0.0152 0.91655 0.35388 1.52684 0.04611 
0.91767 0.82002 0.91795 -0.0177 0.91739 0.3542 1.52822 0.04254 
0.91851 0.82149 0.91878 -0.0162 0.91822 0.35453 1.52961 0.04595 
0.91934 0.82258 0.91961 -0.0167 0.91905 0.35485 1.531 0.04301 
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0.92017 0.8214 0.92045 -0.0148 0.91989 0.35517 1.53239 0.04118 
0.92101 0.82171 0.92128 -0.0165 0.92072 0.35549 1.53378 0.04129 
0.92184 0.82114 0.92211 -0.016 0.92155 0.35581 1.53517 0.04336 
0.92267 0.8235 0.92295 -0.015 0.92239 0.35613 1.53656 0.04098 
0.92351 0.8205 0.92378 -0.0151 0.92322 0.35646 1.53795 0.04466 
0.92434 0.81973 0.92461 -0.0161 0.92405 0.35678 1.53934 0.04455 
0.92517 0.81881 0.92545 -0.016 0.92489 0.3571 1.54072 0.04662 
0.92601 0.81856 0.92628 -0.0144 0.92572 0.35742 1.54211 0.0449 
0.92684 0.81846 0.92711 -0.0167 0.92655 0.35774 1.5435 0.04767 
0.92767 0.81733 0.92795 -0.0159 0.92739 0.35806 1.54489 0.04385 
0.92851 0.8195 0.92878 -0.0165 0.92822 0.35839 1.54628 0.04732 
0.92934 0.82136 0.92961 -0.0154 0.92905 0.35871 1.54767 0.04659 
0.93017 0.82033 0.93045 -0.0173 0.92989 0.35903 1.54906 0.0455 
0.93101 0.82328 0.93128 -0.0149 0.93072 0.35935 1.55045 0.04811 
0.93184 0.82322 0.93211 -0.015 0.93155 0.35967 1.55184 0.04735 
0.93267 0.82497 0.93295 -0.0162 0.93239 0.36 1.55322 0.04998 
0.93351 0.82533 0.93378 -0.0152 0.93322 0.36032 1.55461 0.04878 
0.93434 0.82533 0.93461 -0.0159 0.93405 0.36064 1.556 0.05246 
0.93517 0.8255 0.93545 -0.0154 0.93489 0.36096 1.55739 0.05061 
0.93601 0.82484 0.93628 -0.0164 0.93572 0.36128 1.55878 0.05192 
0.93684 0.82592 0.93711 -0.0148 0.93655 0.3616 1.56017 0.05273 
0.93767 0.8252 0.93795 -0.0152 0.93739 0.36193 1.56156 0.05285 
0.93851 0.82574 0.93878 -0.0164 0.93822 0.36225 1.56295 0.05224 
0.93934 0.82562 0.93961 -0.0165 0.93905 0.36257 1.56434 0.05115 
0.94017 0.82443 0.94045 -0.0162 0.93989 0.36289 1.56572 0.05062 
0.94101 0.82443 0.94128 -0.0148 0.94072 0.36321 1.56711 0.05231 
0.94184 0.82389 0.94211 -0.0169 0.94155 0.36353 1.56851 0.05346 
0.94267 0.82466 0.94295 -0.0144 0.94239 0.36386 1.56989 0.04831 
0.94351 0.82615 0.94378 -0.0164 0.94322 0.36418 1.57128 0.04899 
0.94434 0.82656 0.94461 -0.014 0.94405 0.3645 1.57267 0.051 
0.94517 0.82781 0.94545 -0.016 0.94489 0.36482 1.57406 0.0536 
0.94601 0.8269 0.94628 -0.0154 0.94572 0.36514 1.57545 0.05376 
0.94684 0.82808 0.94711 -0.014 0.94655 0.36546 1.57684 0.05269 
0.94767 0.82808 0.94795 -0.0157 0.94739 0.36579 1.57822 0.05309 
0.94851 0.82946 0.94878 -0.0152 0.94822 0.36611 1.57961 0.05304 
0.94934 0.83024 0.94961 -0.0161 0.94905 0.36643 1.581 0.05033 
0.95017 0.82989 0.95045 -0.0145 0.94989 0.36675 1.58239 0.05037 
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0.95101 0.83107 0.95128 -0.0164 0.95072 0.36707 1.58378 0.0492 
0.95184 0.83114 0.95211 -0.0153 0.95155 0.3674 1.58517 0.04997 
0.95267 0.82912 0.95295 -0.016 0.95239 0.36772 1.58656 0.04999 
0.95351 0.8289 0.95378 -0.0153 0.95322 0.36804 1.58795 0.05188 
0.95434 0.82765 0.95461 -0.015 0.95405 0.36836 1.58934 0.04884 
0.95517 0.82559 0.95545 -0.0157 0.95489 0.36868 1.59072 0.04962 
0.95601 0.82718 0.95628 -0.0128 0.95572 0.369 1.59211 0.05248 
0.95684 0.82727 0.95711 -0.0149 0.95655 0.36933 1.5935 0.05143 
0.95767 0.82949 0.95795 -0.0145 0.95739 0.36965 1.59489 0.05411 
0.95851 0.82891 0.95878 -0.0147 0.95822 0.36997 1.59628 0.05255 
0.95934 0.82913 0.95961 -0.0145 0.95905 0.37029 1.59767 0.05361 
0.96017 0.83068 0.96045 -0.0155 0.95989 0.37061 1.59906 0.05424 
0.96101 0.83244 0.96128 -0.0142 0.96072 0.37093 1.60045 0.05684 
0.96184 0.83409 0.96211 -0.0147 0.96155 0.37126 1.60184 0.05112 
0.96267 0.83406 0.96295 -0.015 0.96239 0.37158 1.60322 0.05239 
0.96351 0.83414 0.96378 -0.0151 0.96322 0.3719 1.60461 0.04819 
0.96434 0.83533 0.96461 -0.0156 0.96405 0.37222 1.606 0.04998 
0.96517 0.8358 0.96545 -0.0129 0.96489 0.37254 1.60739 0.05087 
0.96601 0.83543 0.96628 -0.0166 0.96572 0.37287 1.60878 0.05371 
0.96684 0.83618 0.96711 -0.0149 0.96655 0.37319 1.61017 0.05511 
0.96767 0.83486 0.96795 -0.0154 0.96739 0.37351 1.61156 0.0545 
0.96851 0.83389 0.96878 -0.013 0.96822 0.37383 1.61295 0.05628 
0.96934 0.83209 0.96961 -0.0137 0.96905 0.37415 1.61434 0.05537 
0.97017 0.83051 0.97045 -0.0132 0.96989 0.37447 1.61572 0.05521 
0.97101 0.83114 0.97128 -0.0144 0.97072 0.3748 1.61711 0.05372 
0.97184 0.83053 0.97211 -0.0141 0.97155 0.37512 1.6185 0.05313 
0.97267 0.83191 0.97295 -0.0147 0.97239 0.37544 1.61989 0.0551 
0.97351 0.83222 0.97378 -0.0151 0.97322 0.37576 1.62128 0.05509 
0.97434 0.83216 0.97461 -0.0136 0.97405 0.37608 1.62267 0.05545 
0.97517 0.83366 0.97545 -0.0153 0.97489 0.3764 1.62406 0.05734 
0.97601 0.83405 0.97628 -0.0134 0.97572 0.37673 1.62545 0.05766 
0.97684 0.83578 0.97711 -0.0143 0.97655 0.37705 1.62684 0.05787 
0.97767 0.83862 0.97795 -0.0143 0.97739 0.37737 1.62822 0.0557 
0.97851 0.83968 0.97878 -0.0144 0.97822 0.37769 1.62961 0.05505 
0.97934 0.83834 0.97961 -0.0136 0.97905 0.37801 1.631 0.05182 
0.98017 0.83907 0.98045 -0.0133 0.97989 0.37833 1.63239 0.05494 
0.98101 0.83729 0.98128 -0.0153 0.98072 0.37866 1.63378 0.05516 
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0.98184 0.83871 0.98211 -0.0138 0.98155 0.37898 1.63517 0.05672 
0.98267 0.83837 0.98295 -0.0134 0.98239 0.3793 1.63656 0.05512 
0.98351 0.83866 0.98378 -0.0133 0.98322 0.37962 1.63795 0.05327 
0.98434 0.83398 0.98461 -0.0133 0.98405 0.37994 1.63934 0.05248 
0.98517 0.83523 0.98545 -0.0135 0.98489 0.38027 1.64072 0.05405 
0.98601 0.83607 0.98628 -0.0121 0.98572 0.38059 1.64211 0.05361 
0.98684 0.83843 0.98711 -0.0155 0.98655 0.38091 1.6435 0.05601 
0.98767 0.83797 0.98795 -0.0133 0.98739 0.38123 1.64489 0.0547 
0.98851 0.83749 0.98878 -0.0148 0.98822 0.38155 1.64628 0.05534 
0.98934 0.84054 0.98961 -0.0131 0.98905 0.38187 1.64767 0.05613 
0.99017 0.83835 0.99045 -0.0167 0.98989 0.3822 1.64906 0.05743 
0.99101 0.84076 0.99128 -0.015 0.99072 0.38252 1.65045 0.05723 
0.99184 0.8416 0.99211 -0.0141 0.99155 0.38284 1.65184 0.05745 
0.99267 0.84351 0.99295 -0.0136 0.99239 0.38316 1.65322 0.05596 
0.99351 0.84211 0.99378 -0.0129 0.99322 0.38348 1.65461 0.0553 
0.99434 0.84427 0.99461 -0.0135 0.99405 0.3838 1.656 0.05288 
0.99517 0.84179 0.99545 -0.012 0.99489 0.38413 1.65739 0.05378 
0.99601 0.84529 0.99628 -0.0134 0.99572 0.38445 1.65878 0.05476 
0.99684 0.84369 0.99711 -0.012 0.99655 0.38477 1.66017 0.05406 
0.99767 0.84324 0.99795 -0.013 0.99739 0.38509 1.66156 0.05329 
0.99851 0.84035 0.99878 -0.012 0.99822 0.38541 1.66295 0.05465 
0.99934 0.83982 0.99961 -0.0133 0.99905 0.38574 1.66434 0.05752 
1.00017 0.83972 1.00045 -0.0113 0.99989 0.38606 1.66572 0.05452 
1.00101 0.84123 1.00128 -0.0124 1.00072 0.38638 1.66712 0.0592 
1.00184 0.84214 1.00211 -0.0133 1.00155 0.3867 1.6685 0.05856 
1.00267 0.84287 1.00295 -0.0134 1.00239 0.38702 1.66989 0.05925 
1.00351 0.84485 1.00378 -0.0134 1.00322 0.38734 1.67128 0.05918 
1.00434 0.84542 1.00461 -0.0122 1.00405 0.38767 1.67267 0.05833 
1.00517 0.84835 1.00545 -0.0138 1.00489 0.38799 1.67406 0.05644 
1.00601 0.8473 1.00628 -0.0107 1.00572 0.38831 1.67545 0.05697 
1.00684 0.84816 1.00711 -0.013 1.00655 0.38863 1.67684 0.05713 
1.00767 0.84699 1.00795 -0.0123 1.00739 0.38895 1.67822 0.05525 
1.00851 0.84791 1.00878 -0.0131 1.00822 0.38927 1.67961 0.05381 
1.00934 0.84672 1.00961 -0.0124 1.00905 0.3896 1.681 0.0469 
1.01017 0.84549 1.01045 -0.012 1.00989 0.38992 1.68239 0.05141 
1.01101 0.84516 1.01128 -0.0133 1.01072 0.39024 1.68378 0.05529 
1.01184 0.84425 1.01211 -0.0113 1.01155 0.39056 1.68517 0.05467 
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1.01267 0.84608 1.01295 -0.0132 1.01239 0.39088 1.68656 0.05404 
1.01351 0.84555 1.01378 -0.0136 1.01322 0.3912 1.68795 0.05312 
1.01434 0.84558 1.01461 -0.0136 1.01405 0.39153 1.68934 0.05221 
1.01517 0.84459 1.01545 -0.0113 1.01489 0.39185 1.69072 0.05158 
1.01601 0.84538 1.01628 -0.0127 1.01572 0.39217 1.69211 0.0569 
1.01684 0.8495 1.01711 -0.012 1.01655 0.39249 1.6935 0.05507 
1.01767 0.84696 1.01795 -0.0121 1.01739 0.39281 1.69489 0.05888 
1.01851 0.849 1.01878 -0.0115 1.01822 0.39314 1.69628 0.05652 
1.01934 0.85088 1.01961 -0.012 1.01905 0.39346 1.69767 0.05724 
1.02017 0.85259 1.02045 -0.0119 1.01989 0.39378 1.69906 0.05792 
1.02101 0.85166 1.02128 -0.0101 1.02072 0.3941 1.70045 0.05554 
1.02184 0.85234 1.02211 -0.0133 1.02155 0.39442 1.70184 0.05518 
1.02267 0.85013 1.02295 -0.0113 1.02239 0.39474 1.70322 0.05855 
1.02351 0.85264 1.02378 -0.0116 1.02322 0.39507 1.70461 0.05581 
1.02434 0.85232 1.02461 -0.0119 1.02405 0.39539 1.706 0.05458 
1.02517 0.85158 1.02545 -0.0114 1.02489 0.39571 1.70739 0.05578 
1.02601 0.84898 1.02628 -0.0111 1.02572 0.39603 1.70878 0.05589 
1.02684 0.85022 1.02711 -0.0112 1.02655 0.39635 1.71017 0.05765 
1.02767 0.84843 1.02795 -0.0117 1.02739 0.39667 1.71156 0.0582 
1.02851 0.85463 1.02878 -0.0118 1.02822 0.397 1.71295 0.0582 
1.02934 0.84811 1.02961 -0.0119 1.02905 0.39732 1.71434 0.05785 
1.03017 0.8507 1.03045 -0.0096 1.02989 0.39764 1.71572 0.05805 
1.03101 0.84996 1.03128 -0.0114 1.03072 0.39796 1.71711 0.05883 
1.03184 0.85082 1.03211 -0.0091 1.03155 0.39828 1.7185 0.05729 
1.03267 0.8532 1.03295 -0.0106 1.03239 0.39861 1.71989 0.05942 
1.03351 0.85523 1.03378 -0.0109 1.03322 0.39893 1.72128 0.05971 
1.03434 0.85721 1.03461 -0.0118 1.03405 0.39925 1.72267 0.05774 
1.03517 0.85527 1.03545 -0.0113 1.03489 0.39957 1.72406 0.06115 
1.03601 0.85759 1.03628 -0.0104 1.03572 0.39989 1.72545 0.06067 
1.03684 0.85693 1.03711 -0.0119 1.03655 0.40021 1.72684 0.05761 
1.03767 0.85769 1.03795 -0.0103 1.03739 0.40054 1.72822 0.05906 
1.03851 0.85621 1.03878 -0.0105 1.03822 0.40086 1.72961 0.05581 
1.03934 0.8544 1.03961 -0.0102 1.03905 0.40118 1.731 0.06097 
1.04017 0.85779 1.04045 -0.0106 1.03989 0.4015 1.73239 0.05621 
1.04101 0.85251 1.04128 -0.0113 1.04072 0.40182 1.73378 0.05965 
1.04184 0.85117 1.04211 -0.0106 1.04155 0.40214 1.73517 0.06081 
1.04267 0.85239 1.04295 -0.0107 1.04239 0.40247 1.73656 0.06157 
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1.04351 0.85442 1.04378 -0.0106 1.04322 0.40279 1.73795 0.05844 
1.04434 0.85369 1.04461 -0.0103 1.04405 0.40311 1.73934 0.05796 
1.04517 0.85494 1.04545 -0.0093 1.04489 0.40343 1.74072 0.05959 
1.04601 0.85599 1.04628 -0.0113 1.04572 0.40375 1.74211 0.05745 
1.04684 0.85804 1.04711 -0.0094 1.04655 0.40407 1.7435 0.05921 
1.04767 0.85849 1.04795 -0.0101 1.04739 0.4044 1.74489 0.06118 
1.04851 0.8584 1.04878 -0.0106 1.04822 0.40472 1.74628 0.05994 
1.04934 0.8577 1.04961 -0.0109 1.04905 0.40504 1.74767 0.06013 
1.05017 0.85847 1.05045 -0.0104 1.04989 0.40536 1.74906 0.05756 
1.05101 0.85855 1.05128 -0.0097 1.05072 0.40568 1.75045 0.0578 
1.05184 0.85991 1.05211 -0.0113 1.05155 0.40601 1.75184 0.06191 
1.05267 0.85825 1.05295 -0.0107 1.05239 0.40633 1.75322 0.05825 
1.05351 0.85767 1.05378 -0.0094 1.05322 0.40665 1.75461 0.0579 
1.05434 0.85601 1.05461 -0.0098 1.05405 0.40697 1.756 0.05957 
1.05517 0.85551 1.05545 -0.0114 1.05489 0.40729 1.75739 0.05777 
1.05601 0.85662 1.05628 -0.0106 1.05572 0.40761 1.75878 0.05978 
1.05684 0.86434 1.05711 -0.0101 1.05655 0.40794 1.76017 0.06028 
1.05767 0.85901 1.05795 -0.0122 1.05739 0.40826 1.76156 0.05935 
1.05851 0.85777 1.05878 -0.0084 1.05822 0.40858 1.76295 0.06048 
1.05934 0.85975 1.05961 -0.0104 1.05905 0.4089 1.76434 0.05985 
1.06017 0.85967 1.06045 -0.0106 1.05989 0.40922 1.76572 0.06387 
1.06101 0.86142 1.06128 -0.0113 1.06072 0.40954 1.76711 0.06419 
1.06184 0.8625 1.06211 -0.0108 1.06155 0.40987 1.7685 0.06484 
1.06267 0.86498 1.06295 -0.0097 1.06239 0.41019 1.76989 0.06065 
1.06351 0.86272 1.06378 -0.0124 1.06322 0.41051 1.77128 0.06316 
1.06434 0.86359 1.06461 -0.0099 1.06405 0.41083 1.77267 0.05893 
1.06517 0.86323 1.06545 -0.0132 1.06489 0.41115 1.77406 0.05505 
1.06601 0.86349 1.06628 -0.0104 1.06572 0.41148 1.77545 0.05733 
1.06684 0.86214 1.06711 -0.0135 1.06655 0.4118 1.77684 0.06068 
1.06767 0.86054 1.06795 -0.0127 1.06739 0.41212 1.77822 0.05765 
1.06851 0.86513 1.06878 -0.0129 1.06822 0.41244 1.77961 0.06146 
1.06934 0.85965 1.06961 -0.0151 1.06905 0.41276 1.781 0.05418 
1.07017 0.861 1.07045 -0.0129 1.06989 0.41308 1.78239 0.05692 
1.07101 0.86046 1.07128 -0.0125 1.07072 0.41341 1.78378 0.05493 
1.07184 0.86145 1.07211 -0.0136 1.07155 0.41373 1.78517 0.05705 
1.07267 0.85948 1.07295 -0.0157 1.07239 0.41405 1.78656 0.05699 
1.07351 0.86076 1.07378 -0.0142 1.07322 0.41437 1.78795 0.05695 
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1.07434 0.86877 1.07461 -0.0136 1.07405 0.41469 1.78934 0.05783 
1.07517 0.86358 1.07545 -0.0143 1.07489 0.41501 1.79072 0.05615 
1.07601 0.86413 1.07628 -0.0133 1.07572 0.41534 1.79211 0.05541 
1.07684 0.86442 1.07711 -0.0131 1.07655 0.41566 1.7935 0.05715 
1.07767 0.86572 1.07795 -0.0135 1.07739 0.41598 1.79489 0.05498 
1.07851 0.86423 1.07878 -0.0136 1.07822 0.4163 1.79628 0.05583 
1.07934 0.86566 1.07961 -0.0136 1.07905 0.41662 1.79767 0.05862 
1.08017 0.86526 1.08045 -0.0139 1.07989 0.41694 1.79906 0.05501 
1.08101 0.87045 1.08128 -0.0121 1.08072 0.41727 1.80045 0.05162 
1.08184 0.86326 1.08211 -0.0136 1.08155 0.41759 1.80184 0.0515 
1.08267 0.86271 1.08295 -0.0124 1.08239 0.41791 1.80322 0.05069 
1.08351 0.86323 1.08378 -0.0128 1.08322 0.41823 1.80461 0.0519 
1.08434 0.86304 1.08461 -0.0138 1.08405 0.41855 1.806 0.05528 
1.08517 0.86445 1.08545 -0.013 1.08489 0.41888 1.80739 0.05398 
1.08601 0.86405 1.08628 -0.0132 1.08572 0.4192 1.80878 0.05592 
1.08684 0.86479 1.08711 -0.0127 1.08655 0.41952 1.81017 0.05497 
1.08767 0.8715 1.08795 -0.0146 1.08739 0.41984 1.81156 0.05419 
1.08851 0.86839 1.08878 -0.0118 1.08822 0.42016 1.81295 0.05739 
1.08934 0.86783 1.08961 -0.0138 1.08905 0.42048 1.81434 0.05574 
1.09017 0.86933 1.09045 -0.0137 1.08989 0.42081 1.81572 0.05728 
1.09101 0.8692 1.09128 -0.0126 1.09072 0.42113 1.81711 0.05775 
1.09184 0.86791 1.09211 -0.013 1.09155 0.42145 1.8185 0.0554 
1.09267 0.86884 1.09295 -0.0125 1.09239 0.42177 1.81989 0.05689 
1.09351 0.86644 1.09378 -0.0136 1.09322 0.42209 1.82128 0.05547 
1.09434 0.86864 1.09461 -0.0113 1.09405 0.42241 1.82267 0.05533 
1.09517 0.86627 1.09545 -0.0132 1.09489 0.42274 1.82406 0.05341 
1.09601 0.86417 1.09628 -0.0137 1.09572 0.42306 1.82545 0.05351 
1.09684 0.8641 1.09711 -0.0142 1.09655 0.42338 1.82684 0.05311 
1.09767 0.86424 1.09795 -0.0125 1.09739 0.4237 1.82822 0.05149 
1.09851 0.86609 1.09878 -0.0124 1.09822 0.42402 1.82961 0.0543 
1.09934 0.86507 1.09961 -0.0132 1.09905 0.42435 1.831 0.05315 
1.10017 0.86684 1.10045 -0.013 1.09989 0.42467 1.83239 0.0529 
1.10101 0.86564 1.10128 -0.0144 1.10072 0.42499 1.83378 0.05429 
1.10184 0.87071 1.10211 -0.0134 1.10155 0.42531 1.83517 0.05407 
1.10267 0.87174 1.10295 -0.0138 1.10239 0.42563 1.83656 0.05472 
1.10351 0.87185 1.10378 -0.0126 1.10322 0.42595 1.83795 0.05426 
1.10434 0.87229 1.10461 -0.0139 1.10405 0.42628 1.83934 0.05468 
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1.10517 0.87261 1.10545 -0.0136 1.10489 0.4266 1.84072 0.05252 
1.10601 0.87156 1.10628 -0.0143 1.10572 0.42692 1.84211 0.05352 
1.10684 0.87191 1.10711 -0.0125 1.10655 0.42724 1.8435 0.05038 
1.10767 0.87174 1.10795 -0.0147 1.10739 0.42756 1.84489 0.05145 
1.10851 0.87056 1.10878 -0.0149 1.10822 0.42788 1.84628 0.05417 
1.10934 0.86903 1.10961 -0.0136 1.10905 0.42821 1.84767 0.05479 
1.11017 0.8691 1.11045 -0.015 1.10989 0.42853 1.84906 0.05353 
1.11101 0.86789 1.11128 -0.0132 1.11072 0.42885 1.85045 0.05238 
1.11184 0.86767 1.11211 -0.0162 1.11155 0.42917 1.85184 0.05198 
1.11267 0.8689 1.11295 -0.0131 1.11239 0.42949 1.85322 0.0507 
1.11351 0.86758 1.11378 -0.0144 1.11322 0.42981 1.85461 0.05047 
1.11434 0.8703 1.11461 -0.0131 1.11405 0.43014 1.856 0.04878 
1.11517 0.86936 1.11545 -0.0152 1.11489 0.43046 1.85739 0.04761 
1.11601 0.87852 1.11628 -0.0137 1.11572 0.43078 1.85878 0.05208 
1.11684 0.87322 1.11711 -0.0147 1.11655 0.4311 1.86017 0.05291 
1.11767 0.87413 1.11795 -0.0155 1.11739 0.43142 1.86156 0.05141 
1.11851 0.87455 1.11878 -0.015 1.11822 0.43175 1.86295 0.05272 
1.11934 0.87458 1.11961 -0.0171 1.11905 0.43207 1.86434 0.05368 
1.12017 0.87563 1.12045 -0.016 1.11989 0.43239 1.86572 0.0509 
1.12101 0.87418 1.12128 -0.017 1.12072 0.43271 1.86711 0.05243 
1.12184 0.87457 1.12211 -0.0158 1.12155 0.43303 1.8685 0.05373 
1.12267 0.8719 1.12295 -0.0179 1.12239 0.43335 1.86989 0.05477 
1.12351 0.87156 1.12378 -0.0177 1.12322 0.43368 1.87128 0.05535 
1.12434 0.86863 1.12461 -0.0177 1.12405 0.434 1.87267 0.05211 
1.12517 0.86825 1.12545 -0.0181 1.12489 0.43432 1.87406 0.05546 
1.12601 0.86853 1.12628 -0.0187 1.12572 0.43464 1.87545 0.05268 
1.12684 0.86715 1.12711 -0.0193 1.12655 0.43496 1.87684 0.04998 
1.12767 0.8694 1.12795 -0.0173 1.12739 0.43528 1.87822 0.05249 
1.12851 0.87088 1.12878 -0.0195 1.12822 0.43561 1.87961 0.05337 
1.12934 0.87194 1.12961 -0.0178 1.12905 0.43593 1.881 0.05083 
1.13017 0.87334 1.13045 -0.0202 1.12989 0.43625 1.88239 0.04898 
1.13101 0.87611 1.13128 -0.0177 1.13072 0.43657 1.88378 0.05004 
1.13184 0.87726 1.13211 -0.0184 1.13155 0.43689 1.88517 0.05042 
1.13267 0.87733 1.13295 -0.0188 1.13239 0.43722 1.88656 0.05328 
1.13351 0.87557 1.13378 -0.0178 1.13322 0.43754 1.88795 0.05293 
1.13434 0.87796 1.13461 -0.0194 1.13405 0.43786 1.88934 0.05272 
1.13517 0.87662 1.13545 -0.017 1.13489 0.43818 1.89072 0.0533 
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1.13601 0.87679 1.13628 -0.0184 1.13572 0.4385 1.89211 0.05498 
1.13684 0.8773 1.13711 -0.0168 1.13655 0.43882 1.8935 0.05327 
1.13767 0.87525 1.13795 -0.0191 1.13739 0.43915 1.89489 0.05271 
1.13851 0.87632 1.13878 -0.0183 1.13822 0.43947 1.89628 0.05265 
1.13934 0.87339 1.13961 -0.0189 1.13905 0.43979 1.89767 0.05452 
1.14017 0.87337 1.14045 -0.0182 1.13989 0.44011 1.89906 0.05324 
1.14101 0.87321 1.14128 -0.0202 1.14072 0.44043 1.90045 0.0536 
1.14184 0.87468 1.14211 -0.0189 1.14155 0.44075 1.90184 0.05458 
1.14267 0.87476 1.14295 -0.0184 1.14239 0.44108 1.90322 0.05137 
1.14351 0.87504 1.14378 -0.02 1.14322 0.4414 1.90461 0.0501 
1.14434 0.87408 1.14461 -0.0182 1.14405 0.44172 1.906 0.05121 
1.14517 0.87528 1.14545 -0.0194 1.14489 0.44204 1.90739 0.05041 
1.14601 0.87627 1.14628 -0.0182 1.14572 0.44236 1.90878 0.05156 
1.14684 0.87818 1.14711 -0.0197 1.14655 0.44268 1.91017 0.05243 
1.14767 0.88031 1.14795 -0.0202 1.14739 0.44301 1.91156 0.05155 
1.14851 0.8773 1.14878 -0.0192 1.14822 0.44333 1.91295 0.05182 
1.14934 0.8785 1.14961 -0.0188 1.14905 0.44365 1.91434 0.05182 
1.15017 0.87797 1.15045 -0.0201 1.14989 0.44397 1.91572 0.05132 
1.15101 0.87855 1.15128 -0.0201 1.15072 0.44429 1.91711 0.05323 
1.15184 0.8778 1.15211 -0.0202 1.15155 0.44462 1.9185 0.05044 
1.15267 0.87738 1.15295 -0.0224 1.15239 0.44494 1.91989 0.04713 
1.15351 0.8735 1.15378 -0.0186 1.15322 0.44526 1.92128 0.04981 
1.15434 0.87542 1.15461 -0.0202 1.15405 0.44558 1.92267 0.05213 
1.15517 0.87535 1.15545 -0.0196 1.15489 0.4459 1.92406 0.04705 
1.15601 0.87545 1.15628 -0.0214 1.15572 0.44622 1.92545 0.04538 
1.15684 0.87571 1.15711 -0.0202 1.15655 0.44655 1.92684 0.04982 
1.15767 0.87639 1.15795 -0.0199 1.15739 0.44687 1.92822 0.04442 
1.15851 0.87727 1.15878 -0.0208 1.15822 0.44719 1.92961 0.04799 
1.15934 0.87952 1.15961 -0.0192 1.15905 0.44751 1.931 0.04975 
1.16017 0.8798 1.16045 -0.0198 1.15989 0.44783 1.93239 0.04646 
1.16101 0.88145 1.16128 -0.0193 1.16072 0.44815 1.93378 0.04903 
1.16184 0.88191 1.16211 -0.021 1.16155 0.44848 1.93517 0.0486 
1.16267 0.8812 1.16295 -0.0204 1.16239 0.4488 1.93656 0.05006 
1.16351 0.884 1.16378 -0.0206 1.16322 0.44912 1.93795 0.04877 
1.16434 0.88402 1.16461 -0.0205 1.16405 0.44944 1.93934 0.04854 
1.16517 0.88748 1.16545 -0.0217 1.16489 0.44976 1.94072 0.04849 
1.16601 0.88192 1.16628 -0.0205 1.16572 0.45009 1.94211 0.04985 
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1.16684 0.88171 1.16711 -0.0214 1.16655 0.45041 1.9435 0.05108 
1.16767 0.87922 1.16795 -0.0217 1.16739 0.45073 1.94489 0.05306 
1.16851 0.87853 1.16878 -0.0202 1.16822 0.45105 1.94628 0.04909 
1.16934 0.87758 1.16961 -0.0207 1.16905 0.45137 1.94767 0.04631 
1.17017 0.8827 1.17045 -0.0204 1.16989 0.45169 1.94906 0.0485 
1.17101 0.87829 1.17128 -0.0207 1.17072 0.45202 1.95045 0.04767 
1.17184 0.87966 1.17211 -0.0198 1.17155 0.45234 1.95184 0.04719 
1.17267 0.87922 1.17295 -0.0208 1.17239 0.45266 1.95322 0.04712 
1.17351 0.88066 1.17378 -0.0201 1.17322 0.45298 1.95461 0.04761 
1.17434 0.88263 1.17461 -0.0218 1.17405 0.4533 1.956 0.04755 
1.17517 0.88754 1.17545 -0.0193 1.17489 0.45362 1.95739 0.04706 
1.17601 0.88416 1.17628 -0.0216 1.17572 0.45395 1.95878 0.04575 
1.17684 0.88421 1.17711 -0.0203 1.17655 0.45427 1.96017 0.04582 
1.17767 0.88611 1.17795 -0.0195 1.17739 0.45459 1.96156 0.04519 
1.17851 0.88531 1.17878 -0.0213 1.17822 0.45491 1.96295 0.04471 
1.17934 0.88581 1.17961 -0.0206 1.17905 0.45523 1.96434 0.04685 
1.18017 0.883 1.18045 -0.0213 1.17989 0.45555 1.96572 0.04699 
1.18101 0.88264 1.18128 -0.0196 1.18072 0.45588 1.96711 0.04887 
1.18184 0.88216 1.18211 -0.0207 1.18155 0.4562 1.9685 0.04998 
1.18267 0.88098 1.18295 -0.0179 1.18239 0.45652 1.96989 0.04873 
1.18351 0.88276 1.18378 -0.0192 1.18322 0.45684 1.97128 0.04647 
1.18434 0.88176 1.18461 -0.0191 1.18405 0.45716 1.97267 0.04551 
1.18517 0.88225 1.18545 -0.0197 1.18489 0.45749 1.97406 0.04502 
1.18601 0.88196 1.18628 -0.0201 1.18572 0.45781 1.97545 0.04628 
1.18684 0.88319 1.18711 -0.0184 1.18655 0.45813 1.97684 0.04477 
1.18767 0.88377 1.18795 -0.0202 1.18739 0.45845 1.97822 0.04596 
1.18851 0.88622 1.18878 -0.0193 1.18822 0.45877 1.97961 0.04462 
1.18934 0.88628 1.18961 -0.0193 1.18905 0.45909 1.981 0.04362 
1.19017 0.88619 1.19045 -0.0188 1.18989 0.45942 1.98239 0.04278 
1.19101 0.88666 1.19128 -0.0207 1.19072 0.45974 1.98378 0.04032 
1.19184 0.88693 1.19211 -0.02 1.19155 0.46006 1.98517 0.04573 
1.19267 0.8866 1.19295 -0.019 1.19239 0.46038 1.98656 0.04512 
1.19351 0.88469 1.19378 -0.0205 1.19322 0.4607 1.98795 0.04389 
1.19434 0.88414 1.19461 -0.0182 1.19405 0.46102 1.98934 0.04521 
1.19517 0.88156 1.19545 -0.0197 1.19489 0.46135 1.99072 0.04409 
1.19601 0.88178 1.19628 -0.0192 1.19572 0.46167 1.99211 0.0439 
1.19684 0.88205 1.19711 -0.0192 1.19655 0.46199 1.9935 0.04488 
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1.19767 0.88369 1.19795 -0.0202 1.19739 0.46231 1.99489 0.04212 
1.19851 0.88113 1.19878 -0.0186 1.19822 0.46263 1.99628 0.04163 
1.19934 0.88263 1.19961 -0.0195 1.19905 0.46296 1.99767 0.04702 
1.20017 0.88196 1.20045 -0.0188 1.19989 0.46328 1.99906 0.04393 
1.20101 0.8827 1.20128 -0.0202 1.20072 0.4636 2.00045 0.04447 
1.20184 0.88398 1.20211 -0.0179 1.20155 0.46392 2.00184 0.0453 
1.20267 0.88637 1.20295 -0.0195 1.20239 0.46424 2.00322 0.04494 
1.20351 0.88717 1.20378 -0.018 1.20322 0.46456 2.00461 0.04497 
1.20434 0.88737 1.20461 -0.0188 1.20405 0.46489 2.006 0.04418 
1.20517 0.88649 1.20545 -0.0195 1.20489 0.46521 2.00739 0.04382 
1.20601 0.88971 1.20628 -0.0199 1.20572 0.46553 2.00878 0.04384 
1.20684 0.88982 1.20711 -0.0183 1.20655 0.46585 2.01017 0.04515 
1.20767 0.8891 1.20795 -0.0176 1.20739 0.46617 2.01156 0.04397 
1.20851 0.88759 1.20878 -0.0194 1.20822 0.46649 2.01295 0.0433 
1.20934 0.88398 1.20961 -0.0196 1.20905 0.46682 2.01434 0.044 
1.21017 0.88522 1.21045 -0.0187 1.20989 0.46714 2.01572 0.04633 
1.21101 0.88645 1.21128 -0.0188 1.21072 0.46746 2.01711 0.04605 
1.21184 0.8869 1.21211 -0.0204 1.21155 0.46778 2.0185 0.04612 
1.21267 0.88686 1.21295 -0.0186 1.21239 0.4681 2.01989 0.04674 
1.21351 0.88764 1.21378 -0.0197 1.21322 0.46842 2.02128 0.04599 
1.21434 0.88795 1.21461 -0.0195 1.21405 0.46875 2.02267 0.04373 
1.21517 0.88816 1.21545 -0.0187 1.21489 0.46907 2.02406 0.04602 
1.21601 0.88978 1.21628 -0.019 1.21572 0.46939 2.02545 0.04477 
1.21684 0.89199 1.21711 -0.0189 1.21655 0.46971 2.02684 0.04364 
1.21767 0.89208 1.21795 -0.0196 1.21739 0.47003 2.02822 0.04457 
1.21851 0.89192 1.21878 -0.0183 1.21822 0.47036 2.02961 0.04248 
1.21934 0.8924 1.21961 -0.0192 1.21905 0.47068 2.031 0.04514 
1.22017 0.89307 1.22045 -0.0116 1.21989 0.471 2.03239 0.04447 
1.22101 0.89709 1.22128 -0.0183 1.22072 0.47132 2.03378 0.03994 
1.22184 0.89348 1.22211 -0.0174 1.22155 0.47164 2.03517 0.0409 
1.22267 0.89257 1.22295 -0.0173 1.22239 0.47196 2.03656 0.04391 
1.22351 0.89005 1.22378 -0.0188 1.22322 0.47229 2.03795 0.04605 
1.22434 0.88909 1.22461 -0.0167 1.22405 0.47261 2.03934 0.04519 
1.22517 0.88853 1.22545 -0.018 1.22489 0.47293 2.04072 0.04458 
1.22601 0.89084 1.22628 -0.0172 1.22572 0.47325 2.04211 0.04505 
1.22684 0.89053 1.22711 -0.0188 1.22655 0.47357 2.0435 0.04459 
1.22767 0.89274 1.22795 -0.0164 1.22739 0.47389 2.04489 0.04519 
314 
 
1.22851 0.89238 1.22878 -0.0179 1.22822 0.47422 2.04628 0.04571 
1.22934 0.89294 1.22961 -0.0175 1.22905 0.47454 2.04767 0.04519 
1.23017 0.89338 1.23045 -0.018 1.22989 0.47486 2.04906 0.04399 
1.23101 0.89618 1.23128 -0.0174 1.23072 0.47518 2.05045 0.04475 
1.23184 0.89423 1.23211 -0.0179 1.23155 0.4755 2.05184 0.04127 
1.23267 0.89475 1.23295 -0.018 1.23239 0.47583 2.05322 0.04365 
1.23351 0.89418 1.23378 -0.0128 1.23322 0.47615 2.05461 0.04105 
1.23434 0.89526 1.23461 -0.0174 1.23405 0.47647 2.056 0.04166 
1.23517 0.89584 1.23545 -0.0179 1.23489 0.47679 2.05739 0.04395 
1.23601 0.89415 1.23628 -0.016 1.23572 0.47711 2.05878 0.0426 
1.23684 0.89317 1.23711 -0.0168 1.23655 0.47743 2.06017 0.04234 
1.23767 0.88862 1.23795 -0.0177 1.23739 0.47776 2.06156 0.0473 
1.23851 0.88821 1.23878 -0.0182 1.23822 0.47808 2.06295 0.04354 
1.23934 0.88727 1.23961 -0.0153 1.23905 0.4784 2.06434 0.04493 
1.24017 0.89057 1.24045 -0.0182 1.23989 0.47872 2.06572 0.04601 
1.24101 0.89102 1.24128 -0.0178 1.24072 0.47904 2.06711 0.04563 
1.24184 0.89302 1.24211 -0.0167 1.24155 0.47936 2.0685 0.04536 
1.24267 0.89432 1.24295 -0.0156 1.24239 0.47969 2.06989 0.04403 
1.24351 0.90113 1.24378 -0.0176 1.24322 0.48001 2.07128 0.04782 
1.24434 0.89599 1.24461 -0.017 1.24405 0.48033 2.07267 0.0468 
1.24517 0.89784 1.24545 -0.0177 1.24489 0.48065 2.07406 0.0449 
1.24601 0.89811 1.24628 -0.016 1.24572 0.48097 2.07545 0.04457 
1.24684 0.8958 1.24711 -0.0169 1.24655 0.48129 2.07684 0.04639 
1.24767 0.89633 1.24795 -0.0194 1.24739 0.48162 2.07822 0.04414 
1.24851 0.89531 1.24878 -0.0147 1.24822 0.48194 2.07961 0.04497 
1.24934 0.89513 1.24961 -0.0157 1.24905 0.48226 2.081 0.04681 
1.25017 0.89904 1.25045 -0.016 1.24989 0.48258 2.08239 0.0452 
1.25101 0.89641 1.25128 -0.0169 1.25072 0.4829 2.08378 0.04513 
1.25184 0.89425 1.25211 -0.0162 1.25155 0.48323 2.08517 0.04375 
1.25267 0.89557 1.25295 -0.0162 1.25239 0.48355 2.08656 0.04501 
1.25351 0.89194 1.25378 -0.0173 1.25322 0.48387 2.08795 0.04271 
1.25434 0.89179 1.25461 -0.0153 1.25405 0.48419 2.08934 0.04559 
1.25517 0.89374 1.25545 -0.0175 1.25489 0.48451 2.09072 0.04323 
1.25601 0.89406 1.25628 -0.0162 1.25572 0.48483 2.09211 0.04541 
1.25684 0.89581 1.25711 -0.0169 1.25655 0.48516 2.0935 0.0419 
1.25767 0.89511 1.25795 -0.0157 1.25739 0.48548 2.09489 0.04455 
1.25851 0.89667 1.25878 -0.0161 1.25822 0.4858 2.09628 0.04542 
315 
 
1.25934 0.89847 1.25961 -0.0176 1.25905 0.48612 2.09767 0.04767 
1.26017 0.90023 1.26045 -0.0159 1.25989 0.48644 2.09906 0.0452 
1.26101 0.90018 1.26128 -0.012 1.26072 0.48676 2.10045 0.0465 
1.26184 0.89896 1.26211 -0.0151 1.26155 0.48709 2.10184 0.04634 
1.26267 0.90032 1.26295 -0.017 1.26239 0.48741 2.10322 0.04501 
1.26351 0.90516 1.26378 -0.0147 1.26322 0.48773 2.10461 0.04256 
1.26434 0.899 1.26461 -0.0158 1.26405 0.48805 2.106 0.0444 
1.26517 0.90168 1.26545 -0.016 1.26489 0.48837 2.10739 0.04555 
1.26601 0.90061 1.26628 -0.0156 1.26572 0.4887 2.10878 0.04086 
1.26684 0.89916 1.26711 -0.0169 1.26655 0.48902 2.11017 0.04453 
1.26767 0.89752 1.26795 -0.0153 1.26739 0.48934 2.11156 0.04595 
1.26851 0.89749 1.26878 -0.0184 1.26822 0.48966 2.11295 0.04491 
1.26934 0.89846 1.26961 -0.0155 1.26905 0.48998 2.11434 0.04395 
1.27017 0.89834 1.27045 -0.0162 1.26989 0.4903 2.11572 0.04503 
1.27101 0.89768 1.27128 -0.0162 1.27072 0.49063 2.11711 0.0464 
1.27184 0.89779 1.27211 -0.0157 1.27155 0.49095 2.1185 0.04395 
1.27267 0.89869 1.27295 -0.0154 1.27239 0.49127 2.11989 0.04478 
1.27351 0.90029 1.27378 -0.0154 1.27322 0.49159 2.12128 0.04778 
1.27434 0.90267 1.27461 -0.0162 1.27405 0.49191 2.12267 0.04545 
1.27517 0.90424 1.27545 -0.0147 1.27489 0.49223 2.12406 0.0471 
1.27601 0.90327 1.27628 -0.0156 1.27572 0.49256 2.12545 0.0478 
1.27684 0.90478 1.27711 -0.0153 1.27655 0.49288 2.12684 0.04445 
1.27767 0.90351 1.27795 -0.0159 1.27739 0.4932 2.12822 0.04525 
1.27851 0.90472 1.27878 -0.0149 1.27822 0.49352 2.12961 0.04375 
1.27934 0.90325 1.27961 -0.0152 1.27905 0.49384 2.131 0.04441 
1.28017 0.90292 1.28045 -0.0149 1.27989 0.49416 2.13239 0.04259 
1.28101 0.90106 1.28128 -0.0158 1.28072 0.49449 2.13378 0.04074 
1.28184 0.89994 1.28211 -0.0158 1.28155 0.49481 2.13517 0.04479 
1.28267 0.9047 1.28295 -0.0153 1.28239 0.49513 2.13656 0.04436 
1.28351 0.89922 1.28378 -0.016 1.28322 0.49545 2.13795 0.04486 
1.28434 0.90029 1.28461 -0.0139 1.28405 0.49577 2.13934 0.04585 
1.28517 0.90012 1.28545 -0.0159 1.28489 0.4961 2.14072 0.04326 
1.28601 0.90084 1.28628 -0.016 1.28572 0.49642 2.14211 0.04671 
1.28684 0.89933 1.28711 -0.0156 1.28655 0.49674 2.1435 0.04618 
1.28767 0.9015 1.28795 -0.0139 1.28739 0.49706 2.14489 0.04688 
1.28851 0.89972 1.28878 -0.0149 1.28822 0.49738 2.14628 0.04451 
1.28934 0.90299 1.28961 -0.0155 1.28905 0.4977 2.14767 0.04886 
316 
 
1.29017 0.90376 1.29045 -0.0134 1.28989 0.49803 2.14906 0.04641 
1.29101 0.90477 1.29128 -0.0153 1.29072 0.49835 2.15045 0.04768 
1.29184 0.90621 1.29211 -0.0142 1.29155 0.49867 2.15184 0.0461 
1.29267 0.9067 1.29295 -0.0154 1.29239 0.49899 2.15322 0.04859 
1.29351 0.90613 1.29378 -0.014 1.29322 0.49931 2.15461 0.04748 
1.29434 0.90768 1.29461 -0.0146 1.29405 0.49963 2.156 0.0468 
1.29517 0.90702 1.29545 -0.0146 1.29489 0.49996 2.15739 0.0461 
1.29601 0.90469 1.29628 -0.0139 1.29572 0.50028 2.15878 0.04369 
1.29684 0.904 1.29711 -0.0156 1.29655 0.5006 2.16017 0.04518 
1.29767 0.90232 1.29795 -0.0137 1.29739 0.50092 2.16156 0.04279 
1.29851 0.90331 1.29878 -0.015 1.29822 0.50124 2.16295 0.04638 
1.29934 0.90404 1.29961 -0.0131 1.29905 0.50157 2.16434 0.04412 
1.30017 0.90667 1.30045 -0.0157 1.29989 0.50189 2.16572 0.04521 
1.30101 0.90831 1.30128 -0.0141 1.30072 0.50221 2.16711 0.04638 
1.30184 0.90698 1.30211 -0.014 1.30155 0.50253 2.1685 0.04469 
1.30267 0.90727 1.30295 -0.0142 1.30239 0.50285 2.16989 0.04795 
1.30351 0.90948 1.30378 -0.0143 1.30322 0.50317 2.17128 0.04412 
1.30434 0.90812 1.30461 -0.0143 1.30405 0.5035 2.17267 0.04719 
1.30517 0.90786 1.30545 -0.0133 1.30489 0.50382 2.17406 0.04667 
1.30601 0.90863 1.30628 -0.0142 1.30572 0.50414 2.17545 0.04916 
1.30684 0.91502 1.30711 -0.0128 1.30655 0.50446 2.17684 0.05027 
1.30767 0.90905 1.30795 -0.0138 1.30739 0.50478 2.17822 0.04575 
1.30851 0.90707 1.30878 -0.0129 1.30822 0.5051 2.17961 0.04823 
1.30934 0.90761 1.30961 -0.0134 1.30905 0.50543 2.181 0.04872 
1.31017 0.90664 1.31045 -0.013 1.30989 0.50575 2.18239 0.04856 
1.31101 0.90664 1.31128 -0.0125 1.31072 0.50607 2.18378 0.04625 
1.31184 0.90614 1.31211 -0.0122 1.31155 0.50639 2.18517 0.04647 
1.31267 0.9063 1.31295 -0.0133 1.31239 0.50671 2.18656 0.04624 
1.31351 0.90498 1.31378 -0.0128 1.31322 0.50703 2.18795 0.04558 
1.31434 0.9071 1.31461 -0.0123 1.31405 0.50736 2.18934 0.04527 
1.31517 0.9088 1.31545 -0.0139 1.31489 0.50768 2.19072 0.04864 
1.31601 0.90938 1.31628 -0.0129 1.31572 0.508 2.19211 0.0468 
1.31684 0.91221 1.31711 -0.0138 1.31655 0.50832 2.1935 0.04718 
1.31767 0.91338 1.31795 -0.011 1.31739 0.50864 2.19489 0.04745 
1.31851 0.91288 1.31878 -0.0136 1.31822 0.50897 2.19628 0.04632 
1.31934 0.91252 1.31961 -0.0126 1.31905 0.50929 2.19767 0.0464 
1.32017 0.91637 1.32045 -0.0126 1.31989 0.50961 2.19906 0.04524 
317 
 
1.32101 0.91224 1.32128 -0.0132 1.32072 0.50993 2.20045 0.04877 
1.32184 0.91411 1.32211 -0.0131 1.32155 0.51025 2.20184 0.04683 
1.32267 0.91251 1.32295 -0.0122 1.32239 0.51057 2.20322 0.04791 
1.32351 0.91231 1.32378 -0.0131 1.32322 0.5109 2.20461 0.05041 
1.32434 0.9113 1.32461 -0.0158 1.32405 0.51122 2.206 0.04914 
1.32517 0.91105 1.32545 -0.0113 1.32489 0.51154 2.20739 0.04855 
1.32601 0.91113 1.32628 -0.0125 1.32572 0.51186 2.20878 0.04732 
1.32684 0.91318 1.32711 -0.0116 1.32655 0.51218 2.21017 0.04701 
1.32767 0.90973 1.32795 -0.013 1.32739 0.5125 2.21156 0.04834 
1.32851 0.91048 1.32878 -0.0114 1.32822 0.51283 2.21295 0.0469 
1.32934 0.91104 1.32961 -0.0148 1.32905 0.51315 2.21434 0.04638 
1.33017 0.91368 1.33045 -0.0111 1.32989 0.51347 2.21572 0.0486 
1.33101 0.91445 1.33128 -0.0121 1.33072 0.51379 2.21711 0.04727 
1.33184 0.91592 1.33211 -0.012 1.33155 0.51411 2.2185 0.04825 
1.33267 0.91654 1.33295 -0.0121 1.33239 0.51444 2.21989 0.04627 
1.33351 0.91479 1.33378 -0.0133 1.33322 0.51476 2.22128 0.04778 
1.33434 0.91535 1.33461 -0.011 1.33405 0.51508 2.22267 0.04796 
1.33517 0.91517 1.33545 -0.0116 1.33489 0.5154 2.22406 0.0483 
1.33601 0.91531 1.33628 -0.0111 1.33572 0.51572 2.22545 0.04924 
1.33684 0.91439 1.33711 -0.0115 1.33655 0.51604 2.22684 0.04816 
1.33767 0.91385 1.33795 -0.0115 1.33739 0.51637 2.22822 0.04964 
1.33851 0.9124 1.33878 -0.0119 1.33822 0.51669 2.22961 0.04911 
1.33934 0.917 1.33961 -0.009 1.33905 0.51701 2.231 0.05033 
1.34017 0.91213 1.34045 -0.0098 1.33989 0.51733 2.23239 0.0507 
1.34101 0.91452 1.34128 -0.0102 1.34072 0.51765 2.23378 0.05151 
1.34184 0.91565 1.34211 -0.0105 1.34155 0.51797 2.23517 0.05332 
1.34267 0.91546 1.34295 -0.0113 1.34239 0.5183 2.23656 0.05065 
1.34351 0.91476 1.34378 -0.0111 1.34322 0.51862 2.23795 0.0477 
1.34434 0.91597 1.34461 -0.0104 1.34405 0.51894 2.23934 0.04667 
1.34517 0.91804 1.34545 -0.0122 1.34489 0.51926 2.24072 0.04588 
1.34601 0.91927 1.34628 -0.0101 1.34572 0.51958 2.24211 0.04584 
1.34684 0.91993 1.34711 -0.0116 1.34655 0.5199 2.2435 0.04865 
1.34767 0.92036 1.34795 -0.0106 1.34739 0.52023 2.24489 0.04753 
1.34851 0.91987 1.34878 -0.0111 1.34822 0.52055 2.24628 0.04952 
1.34934 0.91981 1.34961 -0.0107 1.34905 0.52087 2.24767 0.05156 
1.35017 0.92012 1.35045 -0.0111 1.34989 0.52119 2.24906 0.04948 
1.35101 0.91822 1.35128 -0.0119 1.35072 0.52151 2.25045 0.05179 
318 
 
1.35184 0.91624 1.35211 -0.0102 1.35155 0.52184 2.25184 0.05231 
1.35267 0.9158 1.35295 -0.0108 1.35239 0.52216 2.25322 0.05188 
1.35351 0.91566 1.35378 -0.0117 1.35322 0.52248 2.25461 0.05113 
1.35434 0.91888 1.35461 -0.0115 1.35405 0.5228 2.256 0.05202 
1.35517 0.9164 1.35545 -0.0099 1.35489 0.52312 2.25739 0.05079 
1.35601 0.91718 1.35628 -0.0084 1.35572 0.52344 2.25878 0.05397 
1.35684 0.91792 1.35711 -0.0098 1.35655 0.52377 2.26017 0.05091 
1.35767 0.91757 1.35795 -0.0104 1.35739 0.52409 2.26156 0.04974 
1.35851 0.91811 1.35878 -0.0086 1.35822 0.52441 2.26295 0.0472 
1.35934 0.92146 1.35961 -0.0093 1.35905 0.52473 2.26434 0.04698 
1.36017 0.92149 1.36045 -0.0106 1.35989 0.52505 2.26572 0.05108 
1.36101 0.9236 1.36128 -0.0094 1.36072 0.52537 2.26711 0.05071 
1.36184 0.92095 1.36211 -0.0109 1.36155 0.5257 2.2685 0.04906 
1.36267 0.92315 1.36295 -0.0095 1.36239 0.52602 2.26989 0.05062 
1.36351 0.9231 1.36378 -0.0107 1.36322 0.52634 2.27128 0.04737 
1.36434 0.92309 1.36461 -0.0092 1.36405 0.52666 2.27267 0.04881 
1.36517 0.92268 1.36545 -0.0101 1.36489 0.52698 2.27406 0.04858 
1.36601 0.92175 1.36628 -0.0104 1.36572 0.52731 2.27545 0.05088 
1.36684 0.92134 1.36711 -0.01 1.36655 0.52763 2.27684 0.05086 
1.36767 0.91976 1.36795 -0.0095 1.36739 0.52795 2.27822 0.05122 
1.36851 0.91949 1.36878 -0.0105 1.36822 0.52827 2.27961 0.05065 
1.36934 0.9206 1.36961 -0.0105 1.36905 0.52859 2.281 0.05291 
1.37017 0.92385 1.37045 -0.0103 1.36989 0.52891 2.28239 0.05199 
1.37101 0.92073 1.37128 -0.0103 1.37072 0.52924 2.28378 0.05083 
1.37184 0.92062 1.37211 -0.0075 1.37155 0.52956 2.28517 0.0467 
1.37267 0.92079 1.37295 -0.0096 1.37239 0.52988 2.28656 0.04924 
1.37351 0.92296 1.37378 -0.0079 1.37322 0.5302 2.28795 0.04746 
1.37434 0.9228 1.37461 -0.0097 1.37405 0.53052 2.28934 0.04831 
1.37517 0.92679 1.37545 -0.0086 1.37489 0.53084 2.29072 0.04857 
1.37601 0.92653 1.37628 -0.0075 1.37572 0.53117 2.29211 0.0495 
1.37684 0.92709 1.37711 -0.0094 1.37655 0.53149 2.2935 0.05035 
1.37767 0.92751 1.37795 -0.0089 1.37739 0.53181 2.29489 0.04997 
1.37851 0.92455 1.37878 -0.0097 1.37822 0.53213 2.29628 0.05089 
1.37934 0.92435 1.37961 -0.0083 1.37905 0.53245 2.29767 0.04953 
1.38017 0.92442 1.38045 -0.0108 1.37989 0.53277 2.29906 0.04996 
1.38101 0.9232 1.38128 -0.0097 1.38072 0.5331 2.30045 0.05122 
1.38184 0.92208 1.38211 -0.0083 1.38155 0.53342 2.30184 0.04971 
319 
 
1.38267 0.92217 1.38295 -0.0089 1.38239 0.53374 2.30322 0.05051 
1.38351 0.92158 1.38378 -0.0087 1.38322 0.53406 2.30461 0.05206 
1.38434 0.92339 1.38461 -0.0097 1.38405 0.53438 2.306 0.04856 
1.38517 0.92362 1.38545 -0.007 1.38489 0.53471 2.30739 0.05045 
1.38601 0.92436 1.38628 -0.0084 1.38572 0.53503 2.30878 0.05241 
1.38684 0.92644 1.38711 -0.0087 1.38655 0.53535 2.31017 0.04863 
1.38767 0.92786 1.38795 -0.0083 1.38739 0.53567 2.31156 0.0505 
1.38851 0.92929 1.38878 -0.0073 1.38822 0.53599 2.31295 0.05156 
1.38934 0.92825 1.38961 -0.009 1.38905 0.53631 2.31434 0.05015 
1.39017 0.92949 1.39045 -0.0092 1.38989 0.53664 2.31572 0.04967 
1.39101 0.92876 1.39128 -0.0082 1.39072 0.53696 2.31711 0.04915 
1.39184 0.93036 1.39211 -0.0073 1.39155 0.53728 2.3185 0.04997 
1.39267 0.9297 1.39295 -0.0082 1.39239 0.5376 2.31989 0.05006 
1.39351 0.92859 1.39378 -0.0079 1.39322 0.53792 2.32128 0.04784 
1.39434 0.92753 1.39461 -0.0069 1.39405 0.53824 2.32267 0.04801 
1.39517 0.92714 1.39545 -0.0084 1.39489 0.53857 2.32406 0.04791 
1.39601 0.9252 1.39628 -0.0079 1.39572 0.53889 2.32545 0.05029 
1.39684 0.92525 1.39711 -0.0074 1.39655 0.53921 2.32684 0.05 
1.39767 0.92486 1.39795 -0.0066 1.39739 0.53953 2.32822 0.04711 
1.39851 0.92612 1.39878 -0.0034 1.39822 0.53985 2.32961 0.04889 
1.39934 0.92678 1.39961 -0.0073 1.39905 0.54018 2.331 0.0487 
1.40017 0.926 1.40045 -0.0068 1.39989 0.5405 2.33239 0.04745 
1.40101 0.92844 1.40128 -0.0072 1.40072 0.54082 2.33378 0.04941 
1.40184 0.92964 1.40211 -0.0072 1.40155 0.54114 2.33517 0.05033 
1.40267 0.93026 1.40295 -0.0072 1.40239 0.54146 2.33656 0.05074 
1.40351 0.92881 1.40378 -0.0063 1.40322 0.54178 2.33795 0.04819 
1.40434 0.92827 1.40461 -0.0081 1.40405 0.54211 2.33934 0.04701 
1.40517 0.93061 1.40545 -0.0057 1.40489 0.54243 2.34072 0.04681 
1.40601 0.9294 1.40628 -0.0076 1.40572 0.54275 2.34211 0.04769 
1.40684 0.93 1.40711 -0.0061 1.40655 0.54307 2.3435 0.04702 
1.40767 0.92922 1.40795 -0.0072 1.40739 0.54339 2.34489 0.04717 
1.40851 0.92816 1.40878 -0.0065 1.40822 0.54371 2.34628 0.04643 
1.40934 0.92627 1.40961 -0.0065 1.40905 0.54404 2.34767 0.04643 
1.41017 0.92663 1.41045 -0.0069 1.40989 0.54436 2.34906 0.04576 
1.41101 0.9275 1.41128 -0.0073 1.41072 0.54468 2.35045 0.04666 
1.41184 0.92787 1.41211 -0.0067 1.41155 0.545 2.35184 0.04438 
1.41267 0.92761 1.41295 -0.0065 1.41239 0.54532 2.35322 0.04642 
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1.41351 0.92897 1.41378 -0.0054 1.41322 0.54564 2.35461 0.04417 
1.41434 0.9289 1.41461 -0.0061 1.41405 0.54597 2.356 0.04358 
1.41517 0.93077 1.41545 -0.0048 1.41489 0.54629 2.35739 0.04476 
1.41601 0.93192 1.41628 -0.0058 1.41572 0.54661 2.35878 0.04575 
1.41684 0.93405 1.41711 -0.0064 1.41655 0.54693 2.36017 0.04583 
1.41767 0.93367 1.41795 -0.0057 1.41739 0.54725 2.36156 0.04749 
1.41851 0.93801 1.41878 -0.005 1.41822 0.54758 2.36295 0.04733 
1.41934 0.93316 1.41961 -0.0056 1.41905 0.5479 2.36434 0.04705 
1.42017 0.93318 1.42045 -0.0064 1.41989 0.54822 2.36572 0.04564 
1.42101 0.93444 1.42128 -0.0055 1.42072 0.54854 2.36711 0.04813 
1.42184 0.93368 1.42211 -0.0056 1.42155 0.54886 2.3685 0.04805 
1.42267 0.93338 1.42295 -0.0058 1.42239 0.54918 2.36989 0.04758 
1.42351 0.93112 1.42378 -0.0061 1.42322 0.54951 2.37128 0.04612 
1.42434 0.93061 1.42461 -0.0047 1.42405 0.54983 2.37267 0.04932 
1.42517 0.92992 1.42545 -0.0053 1.42489 0.55015 2.37406 0.04674 
1.42601 0.9318 1.42628 -0.0059 1.42572 0.55047 2.37545 0.04621 
1.42684 0.93879 1.42711 -0.0053 1.42655 0.55079 2.37684 0.04412 
1.42767 0.93147 1.42795 -0.0043 1.42739 0.55111 2.37822 0.04633 
1.42851 0.93221 1.42878 -0.0064 1.42822 0.55144 2.37961 0.04505 
1.42934 0.9335 1.42961 -0.0055 1.42905 0.55176 2.381 0.04338 
1.43017 0.93504 1.43045 -0.0048 1.42989 0.55208 2.38239 0.04599 
1.43101 0.93629 1.43128 -0.006 1.43072 0.5524 2.38378 0.04247 
1.43184 0.93753 1.43211 -0.0054 1.43155 0.55272 2.38517 0.04088 
1.43267 0.93729 1.43295 -0.0057 1.43239 0.55305 2.38656 0.04613 
1.43351 0.93854 1.43378 -0.004 1.43322 0.55337 2.38795 0.05043 
1.43434 0.93708 1.43461 -0.005 1.43405 0.55369 2.38934 0.04575 
1.43517 0.93862 1.43545 -0.0055 1.43489 0.55401 2.39072 0.04603 
1.43601 0.9437 1.43628 -0.0036 1.43572 0.55433 2.39211 0.0481 
1.43684 0.93726 1.43711 -0.0039 1.43655 0.55465 2.3935 0.04807 
1.43767 0.93501 1.43795 -0.0044 1.43739 0.55498 2.39489 0.04723 
1.43851 0.93359 1.43878 -0.0049 1.43822 0.5553 2.39628 0.04514 
1.43934 0.93154 1.43961 -0.0037 1.43905 0.55562 2.39767 0.04593 
1.44017 0.93373 1.44045 -0.0035 1.43989 0.55594 2.39906 0.04547 
1.44101 0.93531 1.44128 -0.0044 1.44072 0.55626 2.40045 0.04611 
1.44184 0.9345 1.44211 -0.0034 1.44155 0.55658 2.40184 0.04728 
1.44267 0.93576 1.44295 -0.0025 1.44239 0.55691 2.40322 0.04902 
1.44351 0.93503 1.44378 -0.0033 1.44322 0.55723 2.40461 0.04529 
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1.44434 0.93502 1.44461 -0.0044 1.44405 0.55755 2.406 0.04839 
1.44517 0.93958 1.44545 -0.0033 1.44489 0.55787 2.40739 0.04482 
1.44601 0.93739 1.44628 -0.0037 1.44572 0.55819 2.40878 0.04364 
1.44684 0.93775 1.44711 -0.0033 1.44655 0.55851 2.41017 0.04325 
1.44767 0.93796 1.44795 0.00294 1.44739 0.55884 2.41156 0.04594 
1.44851 0.93796 1.44878 -0.0029 1.44822 0.55916 2.41295 0.04663 
1.44934 0.93898 1.44961 -0.0035 1.44905 0.55948 2.41434 0.04727 
1.45017 0.93808 1.45045 -0.004 1.44989 0.5598 2.41572 0.04848 
1.45101 0.93583 1.45128 -0.0029 1.45072 0.56012 2.41711 0.04453 
1.45184 0.93575 1.45211 -0.0023 1.45155 0.56045 2.4185 0.04724 
1.45267 0.93607 1.45295 -0.0032 1.45239 0.56077 2.41989 0.04332 
1.45351 0.93691 1.45378 -0.0031 1.45322 0.56109 2.42128 0.04709 
1.45434 0.93606 1.45461 -0.0027 1.45405 0.56141 2.42267 0.04486 
1.45517 0.93815 1.45545 -0.0025 1.45489 0.56173 2.42406 0.04789 
1.45601 0.93949 1.45628 -0.0032 1.45572 0.56205 2.42545 0.0432 
1.45684 0.94081 1.45711 -0.0033 1.45655 0.56238 2.42684 0.04431 
1.45767 0.94182 1.45795 -0.0024 1.45739 0.5627 2.42822 0.04347 
1.45851 0.94005 1.45878 -0.0028 1.45822 0.56302 2.42961 0.04381 
1.45934 0.9399 1.45961 -0.0028 1.45905 0.56334 2.431 0.04511 
1.46017 0.94004 1.46045 -0.0018 1.45989 0.56366 2.43239 0.04032 
1.46101 0.94648 1.46128 -0.0018 1.46072 0.56398 2.43378 0.04734 
1.46184 0.9393 1.46211 -0.0014 1.46155 0.56431 2.43517 0.04801 
1.46267 0.94019 1.46295 0.00232 1.46239 0.56463 2.43656 0.04698 
1.46351 0.93805 1.46378 -0.0009 1.46322 0.56495 2.43795 0.04597 
1.46434 0.9388 1.46461 -0.0008 1.46405 0.56527 2.43934 0.04747 
1.46517 0.93671 1.46545 -0.0028 1.46489 0.56559 2.44072 0.04656 
1.46601 0.93736 1.46628 -0.0025 1.46572 0.56592 2.44211 0.04508 
1.46684 0.93816 1.46711 -0.0005 1.46655 0.56624 2.4435 0.04641 
1.46767 0.93899 1.46795 -0.0008 1.46739 0.56656 2.44489 0.0445 
1.46851 0.93842 1.46878 -0.0021 1.46822 0.56688 2.44628 0.04537 
1.46934 0.94081 1.46961 0.00033 1.46905 0.5672 2.44767 0.04907 
1.47017 0.94168 1.47045 -0.0008 1.46989 0.56752 2.44906 0.04762 
1.47101 0.94173 1.47128 -0.0008 1.47072 0.56785 2.45045 0.04356 
1.47184 0.94426 1.47211 -0.0002 1.47155 0.56817 2.45184 0.04564 
1.47267 0.94254 1.47295 -0.001 1.47239 0.56849 2.45322 0.04647 
1.47351 0.94366 1.47378 -0.0002 1.47322 0.56881 2.45461 0.04562 
1.47434 0.94321 1.47461 -0.0011 1.47405 0.56913 2.456 0.04726 
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1.47517 0.94373 1.47545 -0.0004 1.47489 0.56945 2.45739 0.04478 
1.47601 0.94329 1.47628 -0.0012 1.47572 0.56978 2.45878 0.04587 
1.47684 0.93995 1.47711 0.0006 1.47655 0.5701 2.46017 0.0479 
1.47767 0.93881 1.47795 -0.001 1.47739 0.57042 2.46156 0.04749 
1.47851 0.93783 1.47878 0.00087 1.47822 0.57074 2.46295 0.04678 
1.47934 0.93956 1.47961 -0.0004 1.47905 0.57106 2.46434 0.04632 
1.48017 0.9395 1.48045 -0.0009 1.47989 0.57139 2.46572 0.04565 
1.48101 0.94112 1.48128 0.00067 1.48072 0.57171 2.46711 0.04737 
1.48184 0.93962 1.48211 0.00083 1.48155 0.57203 2.4685 0.049 
1.48267 0.94201 1.48295 0.0004 1.48239 0.57235 2.46989 0.04614 
1.48351 0.9437 1.48378 -0.0003 1.48322 0.57267 2.47128 0.04779 
1.48434 0.94403 1.48461 0.00178 1.48405 0.57299 2.47267 0.04746 
1.48517 0.94256 1.48545 -0.0005 1.48489 0.57332 2.47406 0.0481 
1.48601 0.94882 1.48628 -0.0005 1.48572 0.57364 2.47545 0.04623 
1.48684 0.94366 1.48711 -0.0004 1.48655 0.57396 2.47684 0.04524 
1.48767 0.94454 1.48795 0.00092 1.48739 0.57428 2.47822 0.04551 
1.48851 0.94183 1.48878 0.00005 1.48822 0.5746 2.47961 0.04614 
1.48934 0.94299 1.48961 -0.0008 1.48905 0.57492 2.481 0.04386 
1.49017 0.94345 1.49045 0.00015 1.48989 0.57525 2.48239 0.04797 
1.49101 0.94131 1.49128 -0.0003 1.49072 0.57557 2.48378 0.04603 
1.49184 0.94017 1.49211 0.00068 1.49155 0.57589 2.48517 0.04758 
1.49267 0.93703 1.49295 -0.0003 1.49239 0.57621 2.48656 0.04558 
1.49351 0.93854 1.49378 0.00137 1.49322 0.57653 2.48795 0.04551 
1.49434 0.93956 1.49461 0.00041 1.49405 0.57685 2.48934 0.04239 
1.49517 0.94007 1.49545 0.00094 1.49489 0.57718 2.49072 0.04724 
1.49601 0.94117 1.49628 0.00069 1.49572 0.5775 2.49211 0.04799 
1.49684 0.94154 1.49711 0.00118 1.49655 0.57782 2.4935 0.04746 
1.49767 0.94303 1.49795 0.00038 1.49739 0.57814 2.49489 0.04478 
1.49851 0.94311 1.49878 -0.0009 1.49822 0.57846 2.49628 0.04973 
1.49934 0.94391 1.49961 0.00022 1.49905 0.57879 2.49767 0.0497 
1.50017 0.94398 1.50045 -0.0005 1.49989 0.57911 2.49906 0.05071 
1.50101 0.94333 1.50128 6.4E-05 1.50072 0.57943 2.50045 0.04576 
1.50184 0.94269 1.50211 -0.0017 1.50155 0.57975 2.50184 0.04519 
1.50267 0.94298 1.50295 0.00298 1.50239 0.58007 2.50322 0.04591 
1.50351 0.93879 1.50378 0.00124 1.50322 0.58039 2.50461 0.04541 
1.50434 0.93841 1.50461 0.00097 1.50405 0.58072 2.506 0.0488 
1.50517 0.93632 1.50545 -0.0002 1.50489 0.58104 2.50739 0.04954 
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1.50601 0.9385 1.50628 0.00182 1.50572 0.58136 2.50878 0.0469 
1.50684 0.93905 1.50711 0.00052 1.50655 0.58168 2.51017 0.04759 
1.50767 0.93835 1.50795 0.00018 1.50739 0.582 2.51156 0.04322 
1.50851 0.93868 1.50878 0.00059 1.50822 0.58232 2.51295 0.0467 
1.50934 0.94063 1.50961 0.00207 1.50905 0.58265 2.51434 0.04763 
1.51017 0.94161 1.51045 0.00064 1.50989 0.58297 2.51572 0.04801 
1.51101 0.94431 1.51128 0.00148 1.51072 0.58329 2.51711 0.04632 
1.51184 0.94604 1.51211 0.00113 1.51155 0.58361 2.5185 0.04364 
1.51267 0.94738 1.51295 0.00075 1.51239 0.58393 2.51989 0.04468 
1.51351 0.94518 1.51378 0.00058 1.51322 0.58426 2.52128 0.0514 
1.51434 0.94566 1.51461 0.00165 1.51405 0.58458 2.52267 0.05119 
1.51517 0.9468 1.51545 0.00088 1.51489 0.5849 2.52406 0.05182 
1.51601 0.9473 1.51628 0.00089 1.51572 0.58522 2.52545 0.04813 
1.51684 0.94544 1.51711 0.00037 1.51655 0.58554 2.52684 0.0499 
1.51767 0.94311 1.51795 0.00186 1.51739 0.58586 2.52822 0.04701 
1.51851 0.94284 1.51878 0.00601 1.51822 0.58619 2.52961 0.04877 
1.51934 0.94133 1.51961 0.00037 1.51905 0.58651 2.531 0.04863 
1.52017 0.94282 1.52045 0.00067 1.51989 0.58683 2.53239 0.04592 
1.52101 0.94177 1.52128 0.00184 1.52072 0.58715 2.53378 0.04714 
1.52184 0.9425 1.52211 0.00177 1.52155 0.58747 2.53517 0.05067 
1.52267 0.94271 1.52295 -0.0002 1.52239 0.58779 2.53656 0.04687 
1.52351 0.94397 1.52378 0.00193 1.52322 0.58812 2.53795 0.04733 
1.52434 0.94242 1.52461 0.00159 1.52405 0.58844 2.53934 0.04657 
1.52517 0.9463 1.52545 0.0005 1.52489 0.58876 2.54072 0.04809 
1.52601 0.94706 1.52628 0.00189 1.52572 0.58908 2.54211 0.04663 
1.52684 0.94668 1.52711 0.00111 1.52655 0.5894 2.5435 0.05046 
1.52767 0.94721 1.52795 0.00069 1.52739 0.58972 2.54489 0.04896 
1.52851 0.94657 1.52878 0.00067 1.52822 0.59005 2.54628 0.05056 
1.52934 0.94616 1.52961 0.00106 1.52905 0.59037 2.54767 0.05138 
1.53017 0.94605 1.53045 0.00245 1.52989 0.59069 2.54906 0.05133 
1.53101 0.94499 1.53128 0.00137 1.53072 0.59101 2.55045 0.05081 
1.53184 0.94296 1.53211 0.00151 1.53155 0.59133 2.55184 0.0506 
1.53267 0.94346 1.53295 0.00249 1.53239 0.59166 2.55322 0.05102 
1.53351 0.94254 1.53378 0.00152 1.53322 0.59198 2.55461 0.05426 
1.53434 0.9432 1.53461 0.00152 1.53405 0.5923 2.556 0.04954 
1.53517 0.95026 1.53545 0.00229 1.53489 0.59262 2.55739 0.05317 
1.53601 0.94424 1.53628 0.00206 1.53572 0.59294 2.55878 0.0515 
324 
 
1.53684 0.94558 1.53711 0.00108 1.53655 0.59326 2.56017 0.0494 
1.53767 0.9479 1.53795 0.00177 1.53739 0.59359 2.56156 0.0495 
1.53851 0.94723 1.53878 0.0023 1.53822 0.59391 2.56295 0.04643 
1.53934 0.94747 1.53961 0.00312 1.53905 0.59423 2.56434 0.04934 
1.54017 0.94952 1.54045 0.00278 1.53989 0.59455 2.56572 0.04978 
1.54101 0.94785 1.54128 0.00756 1.54072 0.59487 2.56711 0.05216 
1.54184 0.94875 1.54211 0.00283 1.54155 0.59519 2.5685 0.05092 
1.54267 0.94718 1.54295 0.00306 1.54239 0.59552 2.56989 0.05395 
1.54351 0.9458 1.54378 0.00358 1.54322 0.59584 2.57128 0.05163 
1.54434 0.94517 1.54461 0.00365 1.54405 0.59616 2.57267 0.05175 
1.54517 0.94343 1.54545 0.0037 1.54489 0.59648 2.57406 0.05428 
1.54601 0.94312 1.54628 0.00345 1.54572 0.5968 2.57545 0.04978 
1.54684 0.94327 1.54711 0.0038 1.54655 0.59713 2.57684 0.05172 
1.54767 0.94509 1.54795 0.0045 1.54739 0.59745 2.57822 0.0539 
1.54851 0.94476 1.54878 0.00411 1.54822 0.59777 2.57961 0.05047 
1.54934 0.94598 1.54961 0.00293 1.54905 0.59809 2.581 0.05072 
1.55017 0.94766 1.55045 0.00395 1.54989 0.59841 2.58239 0.05237 
1.55101 0.94938 1.55128 0.00495 1.55072 0.59873 2.58378 0.05213 
1.55184 0.94717 1.55211 0.00379 1.55155 0.59906 2.58517 0.05363 
1.55267 0.94938 1.55295 0.00447 1.55239 0.59938 2.58656 0.05106 
1.55351 0.95015 1.55378 0.00541 1.55322 0.5997 2.58795 0.05059 
1.55434 0.94841 1.55461 0.00651 1.55405 0.60002 2.58934 0.05009 
1.55517 0.94859 1.55545 0.00477 1.55489 0.60034 2.59072 0.05154 
1.55601 0.94719 1.55628 0.00535 1.55572 0.60066 2.59211 0.05221 
1.55684 0.94596 1.55711 0.00602 1.55655 0.60099 2.5935 0.05239 
1.55767 0.94976 1.55795 0.00456 1.55739 0.60131 2.59489 0.05444 
1.55851 0.94599 1.55878 0.00448 1.55822 0.60163 2.59628 0.05383 
1.55934 0.94549 1.55961 0.006 1.55905 0.60195 2.59767 0.05447 
1.56017 0.94647 1.56045 0.00664 1.55989 0.60227 2.59906 0.05326 
1.56101 0.94516 1.56128 0.00562 1.56072 0.60259 2.60045 0.05377 
1.56184 0.94671 1.56211 0.00527 1.56155 0.60292 2.60184 0.05549 
1.56267 0.94854 1.56295 0.00606 1.56239 0.60324 2.60322 0.05433 
1.56351 0.95559 1.56378 0.00538 1.56322 0.60356 2.60461 0.05468 
1.56434 0.9507 1.56461 0.00529 1.56405 0.60388 2.606 0.05227 
1.56517 0.9503 1.56545 0.00574 1.56489 0.6042 2.60739 0.04763 
1.56601 0.94952 1.56628 0.00671 1.56572 0.60453 2.60878 0.05046 
1.56684 0.94987 1.56711 0.01154 1.56655 0.60485 2.61017 0.05004 
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1.56767 0.95087 1.56795 0.00648 1.56739 0.60517 2.61156 0.05103 
1.56851 0.94909 1.56878 0.00598 1.56822 0.60549 2.61295 0.04709 
1.56934 0.9491 1.56961 0.0072 1.56905 0.60581 2.61434 0.05253 
1.57017 0.94492 1.57045 0.00651 1.56989 0.60613 2.61572 0.05264 
1.57101 0.94603 1.57128 0.00643 1.57072 0.60646 2.61711 0.05357 
1.57184 0.94682 1.57211 0.00713 1.57155 0.60678 2.6185 0.05507 
1.57267 0.94619 1.57295 0.0073 1.57239 0.6071 2.61989 0.05293 
1.57351 0.94692 1.57378 0.00609 1.57322 0.60742 2.62128 0.05323 
1.57434 0.94742 1.57461 0.00755 1.57405 0.60774 2.62267 0.0533 
1.57517 0.94898 1.57545 0.00691 1.57489 0.60806 2.62406 0.05392 
1.57601 0.94923 1.57628 0.00592 1.57572 0.60839 2.62545 0.05255 
1.57684 0.95273 1.57711 0.00661 1.57655 0.60871 2.62684 0.05368 
1.57767 0.95027 1.57795 0.00719 1.57739 0.60903 2.62822 0.05573 
1.57851 0.95195 1.57878 0.00689 1.57822 0.60935 2.62961 0.05339 
1.57934 0.95116 1.57961 0.00695 1.57905 0.60967 2.631 0.05342 
1.58017 0.95157 1.58045 0.00733 1.57989 0.61 2.63239 0.05293 
1.58101 0.95174 1.58128 0.00776 1.58072 0.61032 2.63378 0.05339 
1.58184 0.95125 1.58211 0.00824 1.58155 0.61064 2.63517 0.05609 
1.58267 0.94736 1.58295 0.00741 1.58239 0.61096 2.63656 0.05351 
1.58351 0.9482 1.58378 0.00849 1.58322 0.61128 2.63795 0.05283 
1.58434 0.9487 1.58461 0.00759 1.58405 0.6116 2.63934 0.05679 
1.58517 0.94824 1.58545 0.00763 1.58489 0.61193 2.64072 0.05662 
1.58601 0.94974 1.58628 0.00839 1.58572 0.61225 2.64211 0.05864 
1.58684 0.94878 1.58711 0.00771 1.58655 0.61257 2.6435 0.05416 
1.58767 0.95249 1.58795 0.00912 1.58739 0.61289 2.64489 0.05383 
1.58851 0.95274 1.58878 0.00862 1.58822 0.61321 2.64628 0.05307 
1.58934 0.9528 1.58961 0.00919 1.58905 0.61353 2.64767 0.05476 
1.59017 0.95251 1.59045 0.00873 1.58989 0.61386 2.64906 0.0533 
1.59101 0.95387 1.59128 0.00815 1.59072 0.61418 2.65045 0.05774 
1.59184 0.95292 1.59211 0.00772 1.59155 0.6145 2.65184 0.0548 
1.59267 0.95347 1.59295 0.0088 1.59239 0.61482 2.65322 0.05292 
1.59351 0.95198 1.59378 0.00897 1.59322 0.61514 2.65461 0.05755 
1.59434 0.95083 1.59461 0.00901 1.59405 0.61546 2.656 0.05724 
1.59517 0.9495 1.59545 0.00969 1.59489 0.61579 2.65739 0.05385 
1.59601 0.94826 1.59628 0.00841 1.59572 0.61611 2.65878 0.06094 
1.59684 0.94835 1.59711 0.01098 1.59655 0.61643 2.66017 0.05834 
1.59767 0.9491 1.59795 0.00996 1.59739 0.61675 2.66156 0.05436 
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1.59851 0.95093 1.59878 0.01007 1.59822 0.61707 2.66295 0.0539 
1.59934 0.94944 1.59961 0.01005 1.59905 0.6174 2.66434 0.05277 
1.60017 0.9524 1.60045 0.0083 1.59989 0.61772 2.66572 0.05277 
1.60101 0.95395 1.60128 0.01053 1.60072 0.61804 2.66711 0.05278 
1.60184 0.96164 1.60211 0.00883 1.60155 0.61836 2.6685 0.05328 
1.60267 0.95475 1.60295 0.01036 1.60239 0.61868 2.66989 0.05779 
1.60351 0.9556 1.60378 0.00836 1.60322 0.619 2.67128 0.05371 
1.60434 0.9546 1.60461 0.01113 1.60405 0.61933 2.67267 0.05617 
1.60517 0.95491 1.60545 0.01037 1.60489 0.61965 2.67406 0.05965 
1.60601 0.95458 1.60628 0.01102 1.60572 0.61997 2.67545 0.05875 
1.60684 0.95254 1.60711 0.01011 1.60655 0.62029 2.67684 0.05879 
1.60767 0.95249 1.60795 0.01001 1.60739 0.62061 2.67822 0.0599 
1.60851 0.94927 1.60878 0.01173 1.60822 0.62093 2.67961 0.06326 
1.60934 0.9503 1.60961 0.01074 1.60905 0.62126 2.681 0.06184 
1.61017 0.95097 1.61045 0.01108 1.60989 0.62158 2.68239 0.06084 
1.61101 0.95091 1.61128 0.01075 1.61072 0.6219 2.68378 0.06109 
1.61184 0.95057 1.61211 0.01188 1.61155 0.62222 2.68517 0.06182 
1.61267 0.95424 1.61295 0.01026 1.61239 0.62254 2.68656 0.05708 
1.61351 0.95424 1.61378 0.0116 1.61322 0.62287 2.68795 0.05691 
1.61434 0.95601 1.61461 0.01089 1.61405 0.62319 2.68934 0.05805 
1.61517 0.9555 1.61545 0.01191 1.61489 0.62351 2.69072 0.06 
1.61601 0.95406 1.61628 0.011 1.61572 0.62383 2.69211 0.0578 
1.61684 0.95383 1.61711 0.01161 1.61655 0.62415 2.6935 0.05807 
1.61767 0.95268 1.61795 0.01346 1.61739 0.62447 2.69489 0.05686 
1.61851 0.95287 1.61878 0.01119 1.61822 0.6248 2.69628 0.06043 
1.61934 0.95187 1.61961 0.00982 1.61905 0.62512 2.69767 0.05762 
1.62017 0.95045 1.62045 0.01282 1.61989 0.62544 2.69906 0.05845 
1.62101 0.948 1.62128 0.01362 1.62072 0.62576 2.70045 0.05837 
1.62184 0.94987 1.62211 0.01163 1.62155 0.62608 2.70184 0.0587 
1.62267 0.94955 1.62295 0.01229 1.62239 0.6264 2.70322 0.05728 
1.62351 0.95302 1.62378 0.01317 1.62322 0.62673 2.70461 0.05749 
1.62434 0.95429 1.62461 0.01349 1.62405 0.62705 2.706 0.05862 
1.62517 0.95473 1.62545 0.01234 1.62489 0.62737 2.70739 0.05601 
1.62601 0.95697 1.62628 0.01318 1.62572 0.62769 2.70878 0.0584 
1.62684 0.95909 1.62711 0.01302 1.62655 0.62801 2.71017 0.05432 
1.62767 0.95959 1.62795 0.01293 1.62739 0.62833 2.71156 0.05879 
1.62851 0.95821 1.62878 0.01245 1.62822 0.62866 2.71295 0.05921 
327 
 
1.62934 0.95708 1.62961 0.01325 1.62905 0.62898 2.71434 0.05841 
1.63017 0.95571 1.63045 0.01319 1.62989 0.6293 2.71572 0.05577 
1.63101 0.95839 1.63128 0.01494 1.63072 0.62962 2.71711 0.0555 
1.63184 0.95683 1.63211 0.01329 1.63155 0.62994 2.7185 0.05569 
1.63267 0.95504 1.63295 0.01353 1.63239 0.63027 2.71989 0.05112 
1.63351 0.9532 1.63378 0.01268 1.63322 0.63059 2.72128 0.05436 
1.63434 0.95385 1.63461 0.01314 1.63405 0.63091 2.72267 0.05201 
1.63517 0.95346 1.63545 0.01201 1.63489 0.63123 2.72406 0.05349 
1.63601 0.95357 1.63628 0.01403 1.63572 0.63155 2.72545 0.05564 
1.63684 0.95328 1.63711 0.01194 1.63655 0.63187 2.72684 0.05611 
1.63767 0.95508 1.63795 0.01298 1.63739 0.6322 2.72822 0.05029 
1.63851 0.95784 1.63878 0.0138 1.63822 0.63252 2.72961 0.05383 
1.63934 0.95842 1.63961 0.01398 1.63905 0.63284 2.731 0.05569 
1.64017 0.96009 1.64045 0.01457 1.63989 0.63316 2.73239 0.05617 
1.64101 0.95985 1.64128 0.01349 1.64072 0.63348 2.73378 0.05603 
1.64184 0.9613 1.64211 0.01487 1.64155 0.6338 2.73517 0.05379 
1.64267 0.9603 1.64295 0.01333 1.64239 0.63413 2.73656 0.05509 
1.64351 0.96147 1.64378 0.01385 1.64322 0.63445 2.73795 0.05241 
1.64434 0.95889 1.64461 0.01385 1.64405 0.63477 2.73934 0.05149 
1.64517 0.95789 1.64545 0.01415 1.64489 0.63509 2.74072 0.05506 
1.64601 0.95599 1.64628 0.01519 1.64572 0.63541 2.74211 0.0516 
1.64684 0.95702 1.64711 0.01285 1.64655 0.63574 2.7435 0.05294 
1.64767 0.9565 1.64795 0.01532 1.64739 0.63606 2.74489 0.05378 
1.64851 0.95708 1.64878 0.01442 1.64822 0.63638 2.74628 0.05306 
1.64934 0.9643 1.64961 0.01365 1.64905 0.6367 2.74767 0.05196 
1.65017 0.9567 1.65045 0.01352 1.64989 0.63702 2.74906 0.05193 
1.65101 0.9612 1.65128 0.01526 1.65072 0.63734 2.75045 0.05258 
1.65184 0.96006 1.65211 0.01455 1.65155 0.63767 2.75184 0.05412 
1.65267 0.96335 1.65295 0.0137 1.65239 0.63799 2.75322 0.05275 
1.65351 0.96366 1.65378 0.01453 1.65322 0.63831 2.75461 0.05235 
1.65434 0.96355 1.65461 0.01449 1.65405 0.63863 2.756 0.05311 
1.65517 0.96299 1.65545 0.01458 1.65489 0.63895 2.75739 0.05341 
1.65601 0.96147 1.65628 0.01475 1.65572 0.63927 2.75878 0.05475 
1.65684 0.96273 1.65711 0.01629 1.65655 0.6396 2.76017 0.05403 
1.65767 0.96222 1.65795 0.01491 1.65739 0.63992 2.76156 0.05296 
1.65851 0.96129 1.65878 0.01509 1.65822 0.64024 2.76295 0.05422 
1.65934 0.95878 1.65961 0.01543 1.65905 0.64056 2.76434 0.05289 
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1.66017 0.95837 1.66045 0.01534 1.65989 0.64088 2.76572 0.0518 
1.66101 0.95918 1.66128 0.01543 1.66072 0.6412 2.76711 0.05274 
1.66184 0.95894 1.66211 0.01438 1.66155 0.64153 2.7685 0.05279 
1.66267 0.95882 1.66295 0.01694 1.66239 0.64185 2.76989 0.05102 
1.66351 0.95961 1.66378 0.01496 1.66322 0.64217 2.77128 0.05029 
1.66434 0.9601 1.66461 0.01525 1.66405 0.64249 2.77267 0.05109 
1.66517 0.96279 1.66545 0.01503 1.66489 0.64281 2.77406 0.05305 
1.66601 0.96306 1.66628 0.01652 1.66572 0.64314 2.77545 0.05214 
1.66684 0.96546 1.66711 0.01634 1.66655 0.64346 2.77684 0.05216 
1.66767 0.9644 1.66795 0.01567 1.66739 0.64378 2.77822 0.05354 
1.66851 0.96561 1.66878 0.01542 1.66822 0.6441 2.77961 0.04885 
1.66934 0.96328 1.66961 0.01551 1.66905 0.64442 2.781 0.04812 
1.67017 0.96529 1.67045 0.01634 1.66989 0.64474 2.78239 0.05214 
1.67101 0.96496 1.67128 0.01587 1.67072 0.64507 2.78378 0.05068 
1.67184 0.96422 1.67211 0.01712 1.67155 0.64539 2.78517 0.05178 
1.67267 0.96289 1.67295 0.01563 1.67239 0.64571 2.78656 0.05195 
1.67351 0.96079 1.67378 0.01664 1.67322 0.64603 2.78795 0.05119 
1.67434 0.96138 1.67461 0.01529 1.67405 0.64635 2.78934 0.05057 
1.67517 0.9616 1.67545 0.01726 1.67489 0.64667 2.79072 0.05241 
1.67601 0.96292 1.67628 0.01693 1.67572 0.647 2.79211 0.05281 
1.67684 0.96176 1.67711 0.01675 1.67655 0.64732 2.7935 0.05067 
1.67767 0.96307 1.67795 0.01708 1.67739 0.64764 2.79489 0.04985 
1.67851 0.9628 1.67878 0.01655 1.67822 0.64796 2.79628 0.05103 
1.67934 0.96592 1.67961 0.01743 1.67905 0.64828 2.79767 0.05049 
1.68017 0.96596 1.68045 0.01562 1.67989 0.64861 2.79906 0.05057 
1.68101 0.96511 1.68128 0.01823 1.68072 0.64893 2.80045 0.04788 
1.68184 0.96579 1.68211 0.01696 1.68155 0.64925 2.80184 0.05026 
1.68267 0.96623 1.68295 0.01693 1.68239 0.64957 2.80322 0.04998 
1.68351 0.96664 1.68378 0.01755 1.68322 0.64989 2.80461 0.04912 
1.68434 0.96575 1.68461 0.01793 1.68405 0.65021 2.806 0.05172 
1.68517 0.96484 1.68545 0.01744 1.68489 0.65054 2.80739 0.05015 
1.68601 0.9629 1.68628 0.01735 1.68572 0.65086 2.80878 0.05108 
1.68684 0.96276 1.68711 0.01887 1.68655 0.65118 2.81017 0.05113 
1.68767 0.96304 1.68795 0.01773 1.68739 0.6515 2.81156 0.05201 
1.68851 0.96405 1.68878 0.0184 1.68822 0.65182 2.81295 0.05089 
1.68934 0.96709 1.68961 0.01761 1.68905 0.65214 2.81434 0.05122 
1.69017 0.96773 1.69045 0.01886 1.68989 0.65247 2.81572 0.04796 
329 
 
1.69101 0.97046 1.69128 0.01752 1.69072 0.65279 2.81711 0.05123 
1.69184 0.9658 1.69211 0.01852 1.69155 0.65311 2.8185 0.05008 
1.69267 0.96995 1.69295 0.01771 1.69239 0.65343 2.81989 0.0527 
1.69351 0.96925 1.69378 0.01877 1.69322 0.65375 2.82128 0.0513 
1.69434 0.96894 1.69461 0.0186 1.69405 0.65407 2.82267 0.05038 
1.69517 0.9688 1.69545 0.01742 1.69489 0.6544 2.82406 0.04984 
1.69601 0.96759 1.69628 0.01987 1.69572 0.65472 2.82545 0.04865 
1.69684 0.97211 1.69711 0.01894 1.69655 0.65504 2.82684 0.05044 
1.69767 0.96681 1.69795 0.01851 1.69739 0.65536 2.82822 0.05064 
1.69851 0.96584 1.69878 0.01775 1.69822 0.65568 2.82961 0.04841 
1.69934 0.96447 1.69961 0.0209 1.69905 0.65601 2.831 0.05175 
1.70017 0.9644 1.70045 0.01965 1.69989 0.65633 2.83239 0.04857 
1.70101 0.96439 1.70128 0.01881 1.70072 0.65665 2.83378 0.04839 
1.70184 0.96637 1.70211 0.02034 1.70155 0.65697 2.83517 0.05054 
1.70267 0.96542 1.70295 0.01774 1.70239 0.65729 2.83656 0.04934 
1.70351 0.96649 1.70378 0.02054 1.70322 0.65761 2.83795 0.04961 
1.70434 0.97197 1.70461 0.01924 1.70405 0.65794 2.83934 0.05511 
1.70517 0.96999 1.70545 0.02069 1.70489 0.65826 2.84072 0.0544 
1.70601 0.97034 1.70628 0.01962 1.70572 0.65858 2.84211 0.05222 
1.70684 0.97053 1.70711 0.01908 1.70655 0.6589 2.8435 0.0533 
1.70767 0.97045 1.70795 0.01975 1.70739 0.65922 2.84489 0.0495 
1.70851 0.97006 1.70878 0.02045 1.70822 0.65954 2.84628 0.05107 
1.70934 0.97123 1.70961 0.0203 1.70905 0.65987 2.84767 0.04855 
1.71017 0.97038 1.71045 0.01881 1.70989 0.66019 2.84906 0.04973 
1.71101 0.96911 1.71128 0.02071 1.71072 0.66051 2.85045 0.04976 
1.71184 0.96671 1.71211 0.02085 1.71155 0.66083 2.85184 0.04902 
1.71267 0.96825 1.71295 0.02043 1.71239 0.66115 2.85322 0.05082 
1.71351 0.96759 1.71378 0.01995 1.71322 0.66148 2.85461 0.04974 
1.71434 0.96788 1.71461 0.02185 1.71405 0.6618 2.856 0.0504 
1.71517 0.96805 1.71545 0.02045 1.71489 0.66212 2.85739 0.04846 
1.71601 0.96979 1.71628 0.02006 1.71572 0.66244 2.85878 0.05086 
1.71684 0.97089 1.71711 0.02157 1.71655 0.66276 2.86017 0.04965 
1.71767 0.97283 1.71795 0.0249 1.71739 0.66308 2.86156 0.0506 
1.71851 0.97357 1.71878 0.02077 1.71822 0.66341 2.86295 0.05179 
1.71934 0.97358 1.71961 0.02058 1.71905 0.66373 2.86434 0.0489 
1.72017 0.97337 1.72045 0.02235 1.71989 0.66405 2.86572 0.05041 
1.72101 0.97317 1.72128 0.02163 1.72072 0.66437 2.86711 0.05143 
330 
 
1.72184 0.97364 1.72211 0.02077 1.72155 0.66469 2.8685 0.05201 
1.72267 0.97228 1.72295 0.02295 1.72239 0.66501 2.86989 0.04991 
1.72351 0.97152 1.72378 0.02297 1.72322 0.66534 2.87128 0.0486 
1.72434 0.96941 1.72461 0.02145 1.72405 0.66566 2.87267 0.0503 
1.72517 0.96941 1.72545 0.0218 1.72489 0.66598 2.87406 0.05149 
1.72601 0.96971 1.72628 0.02083 1.72572 0.6663 2.87545 0.05123 
1.72684 0.97199 1.72711 0.02325 1.72655 0.66662 2.87684 0.04976 
1.72767 0.97146 1.72795 0.0218 1.72739 0.66694 2.87822 0.0494 
1.72851 0.97168 1.72878 0.02745 1.72822 0.66727 2.87961 0.04715 
1.72934 0.97141 1.72961 0.02259 1.72905 0.66759 2.881 0.05032 
1.73017 0.97411 1.73045 0.02217 1.72989 0.66791 2.88239 0.05248 
1.73101 0.97615 1.73128 0.02295 1.73072 0.66823 2.88378 0.04452 
1.73184 0.97562 1.73211 0.02285 1.73155 0.66855 2.88517 0.04909 
1.73267 0.97555 1.73295 0.02305 1.73239 0.66888 2.88656 0.04853 
1.73351 0.9752 1.73378 0.02186 1.73322 0.6692 2.88795 0.05043 
1.73434 0.97685 1.73461 0.02206 1.73405 0.66952 2.88934 0.05139 
1.73517 0.98057 1.73545 0.02293 1.73489 0.66984 2.89072 0.04947 
1.73601 0.97427 1.73628 0.02267 1.73572 0.67016 2.89211 0.04833 
1.73684 0.97153 1.73711 0.02242 1.73655 0.67048 2.8935 0.0507 
1.73767 0.97162 1.73795 0.02288 1.73739 0.67081 2.89489 0.0509 
1.73851 0.97079 1.73878 0.02373 1.73822 0.67113 2.89628 0.04794 
1.73934 0.97123 1.73961 0.02289 1.73905 0.67145 2.89767 0.05059 
1.74017 0.97252 1.74045 0.0239 1.73989 0.67177 2.89906 0.05058 
1.74101 0.97268 1.74128 0.02327 1.74072 0.67209 2.90045 0.05033 
1.74184 0.97221 1.74211 0.02362 1.74155 0.67241 2.90184 0.0493 
1.74267 0.97367 1.74295 0.02218 1.74239 0.67274 2.90322 0.04864 
1.74351 0.97543 1.74378 0.02482 1.74322 0.67306 2.90461 0.04727 
1.74434 0.97636 1.74461 0.0256 1.74405 0.67338 2.906 0.04723 
1.74517 0.97707 1.74545 0.02288 1.74489 0.6737 2.90739 0.04931 
1.74601 0.97581 1.74628 0.02546 1.74572 0.67402 2.90878 0.04836 
1.74684 0.97725 1.74711 0.02417 1.74655 0.67435 2.91017 0.0473 
1.74767 0.97651 1.74795 0.02517 1.74739 0.67467 2.91156 0.05078 
1.74851 0.97633 1.74878 0.02386 1.74822 0.67499 2.91295 0.04899 
1.74934 0.97578 1.74961 0.02486 1.74905 0.67531 2.91434 0.04918 
1.75017 0.97529 1.75045 0.02572 1.74989 0.67563 2.91572 0.04899 
1.75101 0.97324 1.75128 0.02499 1.75072 0.67595 2.91711 0.05037 
1.75184 0.97439 1.75211 0.02501 1.75155 0.67628 2.9185 0.05124 
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1.75267 0.97464 1.75295 0.0262 1.75239 0.6766 2.91989 0.04866 
1.75351 0.97515 1.75378 0.02641 1.75322 0.67692 2.92128 0.05073 
1.75434 0.97648 1.75461 0.02474 1.75405 0.67724 2.92267 0.04717 
1.75517 0.9758 1.75545 0.02703 1.75489 0.67756 2.92406 0.05166 
1.75601 0.97951 1.75628 0.02651 1.75572 0.67788 2.92545 0.04933 
1.75684 0.97685 1.75711 0.02527 1.75655 0.67821 2.92684 0.04696 
1.75767 0.97979 1.75795 0.02655 1.75739 0.67853 2.92822 0.04961 
1.75851 0.97972 1.75878 0.02611 1.75822 0.67885 2.92961 0.04895 
1.75934 0.97988 1.75961 0.02646 1.75905 0.67917 2.931 0.04716 
1.76017 0.97997 1.76045 0.02475 1.75989 0.67949 2.93239 0.04778 
1.76101 0.97927 1.76128 0.02703 1.76072 0.67981 2.93378 0.04904 
1.76184 0.97828 1.76211 0.02721 1.76155 0.68014 2.93517 0.04838 
1.76267 0.9751 1.76295 0.02633 1.76239 0.68046 2.93656 0.04829 
1.76351 0.97612 1.76378 0.02699 1.76322 0.68078 2.93795 0.0461 
1.76434 0.97603 1.76461 0.0269 1.76405 0.6811 2.93934 0.04603 
1.76517 0.97715 1.76545 0.02746 1.76489 0.68142 2.94072 0.04647 
1.76601 0.976 1.76628 0.02427 1.76572 0.68175 2.94211 0.04724 
1.76684 0.97829 1.76711 0.0288 1.76655 0.68207 2.9435 0.04698 
1.76767 0.97809 1.76795 0.02706 1.76739 0.68239 2.94489 0.04969 
1.76851 0.97948 1.76878 0.02624 1.76822 0.68271 2.94628 0.04522 
1.76934 0.98138 1.76961 0.02627 1.76905 0.68303 2.94767 0.0474 
1.77017 0.98131 1.77045 0.02913 1.76989 0.68335 2.94906 0.04969 
1.77101 0.9828 1.77128 0.02777 1.77072 0.68368 2.95045 0.04839 
1.77184 0.97986 1.77211 0.02693 1.77155 0.684 2.95184 0.04804 
1.77267 0.98281 1.77295 0.02779 1.77239 0.68432 2.95322 0.05091 
1.77351 0.98154 1.77378 0.02785 1.77322 0.68464 2.95461 0.05079 
1.77434 0.98242 1.77461 0.02763 1.77405 0.68496 2.956 0.04955 
1.77517 0.98141 1.77545 0.02735 1.77489 0.68528 2.95739 0.04881 
1.77601 0.97977 1.77628 0.02772 1.77572 0.68561 2.95878 0.04929 
1.77684 0.97796 1.77711 0.02843 1.77655 0.68593 2.96017 0.04781 
1.77767 0.97862 1.77795 0.0291 1.77739 0.68625 2.96156 0.04487 
1.77851 0.97928 1.77878 0.02741 1.77822 0.68657 2.96295 0.04633 
1.77934 0.97848 1.77961 0.02817 1.77905 0.68689 2.96434 0.04935 
1.78017 0.97936 1.78045 0.02829 1.77989 0.68722 2.96572 0.0478 
1.78101 0.9795 1.78128 0.02723 1.78072 0.68754 2.96711 0.04875 
1.78184 0.98007 1.78211 0.02818 1.78155 0.68786 2.9685 0.04758 
1.78267 0.98195 1.78295 0.02942 1.78239 0.68818 2.96989 0.04815 
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1.78351 0.98428 1.78378 0.02862 1.78322 0.6885 2.97128 0.04965 
1.78434 0.98286 1.78461 0.02936 1.78405 0.68882 2.97267 0.0494 
1.78517 0.98499 1.78545 0.02914 1.78489 0.68915 2.97406 0.05223 
1.78601 0.98527 1.78628 0.03052 1.78572 0.68947 2.97545 0.04945 
1.78684 0.98607 1.78711 0.02935 1.78655 0.68979 2.97684 0.05211 
1.78767 0.9852 1.78795 0.02973 1.78739 0.69011 2.97822 0.05226 
1.78851 0.98446 1.78878 0.02954 1.78822 0.69043 2.97961 0.04889 
1.78934 0.98281 1.78961 0.03064 1.78905 0.69075 2.981 0.04719 
1.79017 0.98134 1.79045 0.03002 1.78989 0.69108 2.98239 0.04762 
1.79101 0.98004 1.79128 0.02991 1.79072 0.6914 2.98378 0.04948 
1.79184 0.98008 1.79211 0.03149 1.79155 0.69172 2.98517 0.04691 
1.79267 0.98139 1.79295 0.02957 1.79239 0.69204 2.98656 0.04988 
1.79351 0.98077 1.79378 0.03488 1.79322 0.69236 2.98795 0.05279 
1.79434 0.9812 1.79461 0.03034 1.79405 0.69268 2.98934 0.05084 
1.79517 0.98794 1.79545 0.03025 1.79489 0.69301 2.99072 0.05019 
1.79601 0.98348 1.79628 0.03046 1.79572 0.69333 2.99211 0.04653 
1.79684 0.98527 1.79711 0.03095 1.79655 0.69365 2.9935 0.04988 
1.79767 0.98657 1.79795 0.03229 1.79739 0.69397 2.99489 0.05243 
1.79851 0.98561 1.79878 0.03094 1.79822 0.69429 2.99628 0.05051 
1.79934 0.98711 1.79961 0.03024 1.79905 0.69462 2.99767 0.04784 
1.80017 0.98717 1.80045 0.0304 1.79989 0.69494 2.99906 0.04641 
1.80101 0.98712 1.80128 0.03247 1.80072 0.69526 3.00045 0.04776 
1.80184 0.98771 1.80211 0.03045 1.80155 0.69558 3.00184 0.04798 
1.80267 0.98504 1.80295 0.03169 1.80239 0.6959 3.00322 0.04877 
1.80351 0.98561 1.80378 0.03208 1.80322 0.69622 3.00461 0.05166 
1.80434 0.98382 1.80461 0.03155 1.80405 0.69655 3.006 0.04809 
1.80517 0.98409 1.80545 0.0312 1.80489 0.69687 3.00739 0.0543 
1.80601 0.98329 1.80628 0.03223 1.80572 0.69719 3.00878 0.04969 
1.80684 0.98454 1.80711 0.03251 1.80655 0.69751 3.01017 0.0528 
1.80767 0.9838 1.80795 0.03173 1.80739 0.69783 3.01156 0.05525 
1.80851 0.98384 1.80878 0.0323 1.80822 0.69815 3.01295 0.05287 
1.80934 0.98464 1.80961 0.0321 1.80905 0.69848 3.01434 0.04922 
1.81017 0.98577 1.81045 0.03277 1.80989 0.6988 3.01572 0.05218 
1.81101 0.98823 1.81128 0.03144 1.81072 0.69912 3.01711 0.05195 
1.81184 0.98723 1.81211 0.03254 1.81155 0.69944 3.0185 0.0523 
1.81267 0.98893 1.81295 0.03215 1.81239 0.69976 3.01989 0.05047 
1.81351 0.98771 1.81378 0.03168 1.81322 0.70009 3.02128 0.05373 
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1.81434 0.98816 1.81461 0.03214 1.81405 0.70041 3.02267 0.04981 
1.81517 0.9891 1.81545 0.0317 1.81489 0.70073 3.02406 0.05084 
1.81601 0.98802 1.81628 0.03438 1.81572 0.70105 3.02545 0.05131 
1.81684 0.9855 1.81711 0.03157 1.81655 0.70137 3.02684 0.05097 
1.81767 0.98551 1.81795 0.03269 1.81739 0.70169 3.02822 0.05197 
1.81851 0.98381 1.81878 0.03333 1.81822 0.70202 3.02961 0.05174 
1.81934 0.98503 1.81961 0.03357 1.81905 0.70234 3.031 0.05149 
1.82017 0.98742 1.82045 0.03323 1.81989 0.70266 3.03239 0.054 
1.82101 0.98626 1.82128 0.03264 1.82072 0.70298 3.03378 0.05065 
1.82184 0.98802 1.82211 0.03345 1.82155 0.7033 3.03517 0.05691 
1.82267 0.991 1.82295 0.03264 1.82239 0.70362 3.03656 0.05239 
1.82351 0.99157 1.82378 0.03431 1.82322 0.70395 3.03795 0.05091 
1.82434 0.99116 1.82461 0.03424 1.82405 0.70427 3.03934 0.05177 
1.82517 0.99185 1.82545 0.03919 1.82489 0.70459 3.04072 0.04965 
1.82601 0.99166 1.82628 0.03327 1.82572 0.70491 3.04211 0.05429 
1.82684 0.9918 1.82711 0.0333 1.82655 0.70523 3.0435 0.05549 
1.82767 0.99314 1.82795 0.034 1.82739 0.70555 3.04489 0.05212 
1.82851 0.99074 1.82878 0.0354 1.82822 0.70588 3.04628 0.05305 
1.82934 0.99401 1.82961 0.03409 1.82905 0.7062 3.04767 0.05567 
1.83017 0.99136 1.83045 0.03441 1.82989 0.70652 3.04906 0.05293 
1.83101 0.98948 1.83128 0.03495 1.83072 0.70684 3.05045 0.05363 
1.83184 0.98713 1.83211 0.03349 1.83155 0.70716 3.05184 0.05441 
1.83267 0.98754 1.83295 0.03551 1.83239 0.70749 3.05322 0.05548 
1.83351 0.98809 1.83378 0.03399 1.83322 0.70781 3.05461 0.0579 
1.83434 0.98891 1.83461 0.03581 1.83405 0.70813 3.056 0.05763 
1.83517 0.98862 1.83545 0.036 1.83489 0.70845 3.05739 0.05914 
1.83601 0.99 1.83628 0.03545 1.83572 0.70877 3.05878 0.06018 
1.83684 0.99704 1.83711 0.0363 1.83655 0.70909 3.06017 0.06149 
1.83767 0.99384 1.83795 0.0343 1.83739 0.70942 3.06156 0.06131 
1.83851 0.9951 1.83878 0.0358 1.83822 0.70974 3.06295 0.06275 
1.83934 0.99464 1.83961 0.03496 1.83905 0.71006 3.06434 0.06189 
1.84017 0.99442 1.84045 0.03729 1.83989 0.71038 3.06572 0.06457 
1.84101 0.99406 1.84128 0.03595 1.84072 0.7107 3.06711 0.06162 
1.84184 0.99459 1.84211 0.03569 1.84155 0.71102 3.0685 0.06219 
1.84267 0.99279 1.84295 0.03614 1.84239 0.71135 3.06989 0.06219 
1.84351 0.99268 1.84378 0.03585 1.84322 0.71167 3.07128 0.06409 
1.84434 0.99141 1.84461 0.03588 1.84405 0.71199 3.07267 0.06313 
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1.84517 0.99108 1.84545 0.03498 1.84489 0.71231 3.07406 0.06488 
1.84601 0.99162 1.84628 0.04015 1.84572 0.71263 3.07545 0.06575 
1.84684 0.99343 1.84711 0.03506 1.84655 0.71296 3.07684 0.06312 
1.84767 0.9921 1.84795 0.03592 1.84739 0.71328 3.07822 0.06446 
1.84851 0.99069 1.84878 0.03588 1.84822 0.7136 3.07961 0.06761 
1.84934 0.99314 1.84961 0.03554 1.84905 0.71392 3.081 0.06598 
1.85017 0.99297 1.85045 0.03643 1.84989 0.71424 3.08239 0.06943 
1.85101 0.99626 1.85128 0.0357 1.85072 0.71456 3.08378 0.06706 
1.85184 0.99545 1.85211 0.0378 1.85155 0.71489 3.08517 0.068 
1.85267 0.99705 1.85295 0.03617 1.85239 0.71521 3.08656 0.06718 
1.85351 0.99577 1.85378 0.03796 1.85322 0.71553 3.08795 0.06778 
1.85434 1.00226 1.85461 0.03986 1.85405 0.71585 3.08934 0.06632 
1.85517 0.99666 1.85545 0.03854 1.85489 0.71617 3.09072 0.06987 
1.85601 0.99625 1.85628 0.03829 1.85572 0.71649 3.09213 0.06921 
1.85684 0.99618 1.85711 0.03697 1.85655 0.71682 3.0935 0.07271 
1.85767 0.99419 1.85795 0.03835 1.85739 0.71714 3.09489 0.0717 
1.85851 0.99406 1.85878 0.03826 1.85822 0.71746 3.09628 0.07065 
1.85934 0.99179 1.85961 0.03721 1.85905 0.71778 3.09767 0.06863 
1.86017 0.99354 1.86045 0.03749 1.85989 0.7181 3.09906 0.072 
1.86101 0.99301 1.86128 0.03794 1.86072 0.71842 3.10045 0.07164 
1.86184 0.99375 1.86211 0.0375 1.86155 0.71875 3.10184 0.06689 
1.86267 0.99379 1.86295 0.03629 1.86239 0.71907 3.10322 0.07152 
1.86351 0.99985 1.86378 0.03828 1.86322 0.71939 3.10461 0.07283 
1.86434 0.99586 1.86461 0.03908 1.86405 0.71971 3.106 0.0712 
1.86517 0.99749 1.86545 0.03849 1.86489 0.72003 3.10739 0.07006 
1.86601 0.9991 1.86628 0.03831 1.86572 0.72036 3.10878 0.07015 
1.86684 0.99791 1.86711 0.03922 1.86655 0.72068 3.11017 0.06979 
1.86767 0.99762 1.86795 0.03856 1.86739 0.721 3.11156 0.07219 
1.86851 0.99308 1.86878 0.03814 1.86822 0.72132 3.11295 0.0726 
1.86934 0.99767 1.86961 0.03821 1.86905 0.72164 3.11434 0.07371 
1.87017 0.99666 1.87045 0.03824 1.86989 0.72196 3.11572 0.07192 
1.87101 0.99646 1.87128 0.03951 1.87072 0.72229 3.11711 0.0722 
1.87184 0.99494 1.87211 0.03783 1.87155 0.72261 3.1185 0.07305 
1.87267 0.99355 1.87295 0.04011 1.87239 0.72293 3.11989 0.07221 
1.87351 0.99355 1.87378 0.03907 1.87322 0.72325 3.12128 0.07086 
1.87434 0.9947 1.87461 0.03935 1.87405 0.72357 3.12267 0.07272 
1.87517 0.99429 1.87545 0.03846 1.87489 0.72389 3.12406 0.0743 
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1.87601 0.99397 1.87628 0.04066 1.87572 0.72422 3.12545 0.07316 
1.87684 0.99398 1.87711 0.0393 1.87655 0.72454 3.12684 0.07266 
1.87767 0.99821 1.87795 0.03904 1.87739 0.72486 3.12822 0.07191 
1.87851 0.99867 1.87878 0.04019 1.87822 0.72518 3.12961 0.07277 
1.87934 0.99888 1.87961 0.04068 1.87905 0.7255 3.131 0.07311 
1.88017 1.00296 1.88045 0.03987 1.87989 0.72583 3.13239 0.07358 
1.88101 0.99912 1.88128 0.03933 1.88072 0.72615 3.13378 0.07327 
1.88184 0.99751 1.88211 0.04179 1.88155 0.72647 3.13517 0.07413 
1.88267 0.99869 1.88295 0.04033 1.88239 0.72679 3.13656 0.07235 
1.88351 0.99642 1.88378 0.04113 1.88322 0.72711 3.13795 0.07343 
1.88434 0.99542 1.88461 0.04015 1.88405 0.72743 3.13934 0.07577 
1.88517 0.99497 1.88545 0.0424 1.88489 0.72776 3.14072 0.07463 
1.88601 0.99433 1.88628 0.04137 1.88572 0.72808 3.14211 0.07443 
1.88684 0.99503 1.88711 0.04034 1.88655 0.7284 3.1435 0.0756 
1.88767 0.99618 1.88795 0.04134 1.88739 0.72872 3.14489 0.07736 
1.88851 0.99606 1.88878 0.04009 1.88822 0.72904 3.14628 0.07673 
1.88934 0.99634 1.88961 0.04197 1.88905 0.72936 3.14767 0.07529 
1.89017 0.99642 1.89045 0.04113 1.88989 0.72969 3.14906 0.07759 
1.89101 0.99976 1.89128 0.04194 1.89072 0.73001 3.15045 0.07719 
1.89184 0.99971 1.89211 0.04614 1.89155 0.73033 3.15184 0.07634 
1.89267 1.00052 1.89295 0.04142 1.89239 0.73065 3.15322 0.07541 
1.89351 0.99934 1.89378 0.04137 1.89322 0.73097 3.15461 0.07346 
1.89434 1.00074 1.89461 0.04346 1.89405 0.73129 3.156 0.07648 
1.89517 1.0011 1.89545 0.04259 1.89489 0.73162 3.15739 0.07478 
1.89601 1.00153 1.89628 0.04024 1.89572 0.73194 3.15878 0.07283 
1.89684 1.00014 1.89711 0.04212 1.89655 0.73226 3.16017 0.07318 
1.89767 0.99914 1.89795 0.04135 1.89739 0.73258 3.16156 0.07472 
1.89851 0.99767 1.89878 0.04245 1.89822 0.7329 3.16295 0.07228 
1.89934 0.99718 1.89961 0.04037 1.89905 0.73323 3.16434 0.07586 
1.90017 0.99761 1.90045 0.04065 1.89989 0.73355 3.16572 0.07586 
1.90101 0.99701 1.90128 0.04214 1.90072 0.73387 3.16711 0.07254 
1.90184 0.9972 1.90211 0.04144 1.90155 0.73419 3.1685 0.07562 
1.90267 1.00286 1.90295 0.04273 1.90239 0.73451 3.16989 0.07476 
1.90351 0.99886 1.90378 0.04196 1.90322 0.73483 3.17128 0.07761 
1.90434 1.00001 1.90461 0.04018 1.90405 0.73516 3.17267 0.07546 
1.90517 1.0001 1.90545 0.04291 1.90489 0.73548 3.17406 0.07366 
1.90601 1.00283 1.90628 0.04179 1.90572 0.7358 3.17545 0.07562 
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1.90684 1.0026 1.90711 0.0443 1.90655 0.73612 3.17684 0.07633 
1.90767 1.00198 1.90795 0.0422 1.90739 0.73644 3.17822 0.07759 
1.90851 1.0028 1.90878 0.04352 1.90822 0.73676 3.17961 0.07742 
1.90934 1.00249 1.90961 0.04199 1.90905 0.73709 3.181 0.0772 
1.91017 1.00254 1.91045 0.04673 1.90989 0.73741 3.18239 0.07609 
1.91101 1.00167 1.91128 0.0439 1.91072 0.73773 3.18378 0.07691 
1.91184 0.99959 1.91211 0.04309 1.91155 0.73805 3.18517 0.07779 
1.91267 0.99975 1.91295 0.04481 1.91239 0.73837 3.18656 0.07685 
1.91351 1.00058 1.91378 0.04241 1.91322 0.7387 3.18795 0.07799 
1.91434 1.00008 1.91461 0.0447 1.91405 0.73902 3.18934 0.07901 
1.91517 0.99966 1.91545 0.04377 1.91489 0.73934 3.19072 0.07537 
1.91601 0.99963 1.91628 0.04465 1.91572 0.73966 3.19211 0.07957 
1.91684 1.00031 1.91711 0.04359 1.91655 0.73998 3.1935 0.07939 
1.91767 1.001 1.91795 0.04326 1.91739 0.7403 3.19489 0.08018 
1.91851 1.00482 1.91878 0.04481 1.91822 0.74063 3.19628 0.078 
1.91934 1.00378 1.91961 0.04809 1.91905 0.74095 3.19767 0.07974 
1.92017 1.00422 1.92045 0.04404 1.91989 0.74127 3.19906 0.07961 
1.92101 1.00494 1.92128 0.04485 1.92072 0.74159 3.20045 0.07958 
1.92184 1.00429 1.92211 0.0464 1.92155 0.74191 3.20184 0.07606 
1.92267 1.00457 1.92295 0.04449 1.92239 0.74223 3.20322 0.08049 
1.92351 1.0041 1.92378 0.04544 1.92322 0.74256 3.20461 0.0793 
1.92434 1.0019 1.92461 0.04533 1.92405 0.74288 3.206 0.07768 
1.92517 1.0006 1.92545 0.04721 1.92489 0.7432 3.20739 0.07527 
1.92601 1.0006 1.92628 0.04607 1.92572 0.74352 3.20878 0.0772 
1.92684 1 1.92711 0.04558 1.92655 0.74384 3.21017 0.07882 
1.92767 1.00131 1.92795 0.04565 1.92739 0.74416 3.21156 0.07851 
1.92851 1.00165 1.92878 0.04368 1.92822 0.74449 3.21295 0.07798 
1.92934 1.00306 1.92961 0.04357 1.92905 0.74481 3.21434 0.07777 
1.93017 1.00219 1.93045 0.04444 1.92989 0.74513 3.21572 0.07656 
1.93101 1.0036 1.93128 0.04447 1.93072 0.74545 3.21711 0.0765 
1.93184 1.00515 1.93211 0.04258 1.93155 0.74577 3.2185 0.07723 
1.93267 1.00607 1.93295 0.04451 1.93239 0.7461 3.21989 0.07659 
1.93351 1.00646 1.93378 0.04492 1.93322 0.74642 3.22128 0.07728 
1.93434 1.00616 1.93461 0.04473 1.93405 0.74674 3.22267 0.07579 
1.93517 1.007 1.93545 0.04549 1.93489 0.74706 3.22406 0.07677 
1.93601 1.00629 1.93628 0.04428 1.93572 0.74738 3.22545 0.07661 
1.93684 1.00568 1.93711 0.04483 1.93655 0.7477 3.22684 0.07868 
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1.93767 1.00517 1.93795 0.04693 1.93739 0.74803 3.22822 0.0775 
1.93851 1.00286 1.93878 0.04615 1.93822 0.74835 3.22961 0.07669 
1.93934 1.00177 1.93961 0.046 1.93905 0.74867 3.231 0.07855 
1.94017 1.00193 1.94045 0.04724 1.93989 0.74899 3.23239 0.07697 
1.94101 1.00302 1.94128 0.04648 1.94072 0.74931 3.23378 0.07652 
1.94184 1.00254 1.94211 0.04611 1.94155 0.74963 3.23517 0.07439 
1.94267 1.00458 1.94295 0.04802 1.94239 0.74996 3.23656 0.07064 
1.94351 1.00435 1.94378 0.04698 1.94322 0.75028 3.23795 0.07416 
1.94434 1.00634 1.94461 0.04837 1.94405 0.7506 3.23934 0.07637 
1.94517 1.00817 1.94545 0.04588 1.94489 0.75092 3.24072 0.0729 
1.94601 1.00796 1.94628 0.04791 1.94572 0.75124 3.24211 0.07468 
1.94684 1.00863 1.94711 0.04731 1.94655 0.75157 3.2435 0.07439 
1.94767 1.00849 1.94795 0.04691 1.94739 0.75189 3.24489 0.07187 
1.94851 1.00918 1.94878 0.04878 1.94822 0.75221 3.24628 0.072 
1.94934 1.00921 1.94961 0.04816 1.94905 0.75253 3.24767 0.0702 
1.95017 1.00817 1.95045 0.05 1.94989 0.75285 3.24906 0.0714 
1.95101 1.00643 1.95128 0.04919 1.95072 0.75317 3.25045 0.07088 
1.95184 1.00444 1.95211 0.05134 1.95155 0.7535 3.25184 0.06826 
1.95267 1.00392 1.95295 0.04994 1.95239 0.75382 3.25322 0.07269 
1.95351 1.00471 1.95378 0.04885 1.95322 0.75414 3.25461 0.07345 
1.95434 1.00462 1.95461 0.05022 1.95405 0.75446 3.256 0.0712 
1.95517 1.0048 1.95545 0.05067 1.95489 0.75478 3.25739 0.0708 
1.95601 1.00503 1.95628 0.04959 1.95572 0.7551 3.25878 0.06992 
1.95684 1.01278 1.95711 0.04868 1.95655 0.75543 3.26017 0.06788 
1.95767 1.00864 1.95795 0.05074 1.95739 0.75575 3.26156 0.06928 
1.95851 1.01069 1.95878 0.05025 1.95822 0.75607 3.26295 0.07187 
1.95934 1.01042 1.95961 0.05037 1.95905 0.75639 3.26434 0.06989 
1.96017 1.01068 1.96045 0.04978 1.95989 0.75671 3.26572 0.0648 
1.96101 1.01073 1.96128 0.0524 1.96072 0.75703 3.26711 0.07027 
1.96184 1.01039 1.96211 0.05125 1.96155 0.75736 3.2685 0.07171 
1.96267 1.01038 1.96295 0.05051 1.96239 0.75768 3.26989 0.06854 
1.96351 1.01018 1.96378 0.05112 1.96322 0.758 3.27128 0.07027 
1.96434 1.00934 1.96461 0.04861 1.96405 0.75832 3.27267 0.06766 
1.96517 1.00713 1.96545 0.05276 1.96489 0.75864 3.27406 0.06709 
1.96601 1.00624 1.96628 0.05027 1.96572 0.75897 3.27545 0.06704 
1.96684 1.00515 1.96711 0.05135 1.96655 0.75929 3.27684 0.067 
1.96767 1.00694 1.96795 0.05122 1.96739 0.75961 3.27822 0.07035 
338 
 
1.96851 1.00695 1.96878 0.05088 1.96822 0.75993 3.27961 0.06825 
1.96934 1.00675 1.96961 0.05062 1.96905 0.76025 3.281 0.06773 
1.97017 1.00781 1.97045 0.05276 1.96989 0.76057 3.28239 0.07081 
1.97101 1.00678 1.97128 0.05004 1.97072 0.7609 3.28378 0.07062 
1.97184 1.00929 1.97211 0.05151 1.97155 0.76122 3.28517 0.06884 
1.97267 1.01601 1.97295 0.05074 1.97239 0.76154 3.28656 0.07027 
1.97351 1.01193 1.97378 0.05241 1.97322 0.76186 3.28795 0.06816 
1.97434 1.01278 1.97461 0.05186 1.97405 0.76218 3.28934 0.06801 
1.97517 1.01194 1.97545 0.051 1.97489 0.7625 3.29072 0.06899 
1.97601 1.01237 1.97628 0.05333 1.97572 0.76283 3.29211 0.06667 
1.97684 1.01236 1.97711 0.05144 1.97655 0.76315 3.2935 0.06944 
1.97767 1.01047 1.97795 0.05144 1.97739 0.76347 3.29489 0.06652 
1.97851 1.00937 1.97878 0.05049 1.97822 0.76379 3.29628 0.06572 
1.97934 1.0082 1.97961 0.05291 1.97905 0.76411 3.29767 0.0662 
1.98017 1.00744 1.98045 0.05163 1.97989 0.76444 3.29906 0.06383 
1.98101 1.00935 1.98128 0.05258 1.98072 0.76476 3.30045 0.0663 
1.98184 1.00901 1.98211 0.05206 1.98155 0.76508 3.30184 0.06765 
1.98267 1.00795 1.98295 0.05293 1.98239 0.7654 3.30322 0.07287 
1.98351 1.00948 1.98378 0.05294 1.98322 0.76572 3.30461 0.0692 
1.98434 1.01062 1.98461 0.05276 1.98405 0.76604 3.306 0.07034 
1.98517 1.01212 1.98545 0.05411 1.98489 0.76637 3.30739 0.07276 
1.98601 1.01295 1.98628 0.05271 1.98572 0.76669 3.30878 0.06586 
1.98684 1.01464 1.98711 0.05358 1.98655 0.76701 3.31017 0.06786 
1.98767 1.01463 1.98795 0.05307 1.98739 0.76733 3.31156 0.0686 
1.98851 1.01462 1.98878 0.05434 1.98822 0.76765 3.31295 0.0683 
1.98934 1.01319 1.98961 0.05311 1.98905 0.76797 3.31434 0.06853 
1.99017 1.0133 1.99045 0.05344 1.98989 0.7683 3.31572 0.07012 
1.99101 1.01227 1.99128 0.05296 1.99072 0.76862 3.31711 0.06584 
1.99184 1.01361 1.99211 0.05343 1.99155 0.76894 3.3185 0.06578 
1.99267 1.00998 1.99295 0.05378 1.99239 0.76926 3.31989 0.06732 
1.99351 1.00906 1.99378 0.05007 1.99322 0.76958 3.32128 0.06767 
1.99434 1.00913 1.99461 0.0553 1.99405 0.7699 3.32267 0.06484 
1.99517 1.0098 1.99545 0.05394 1.99489 0.77023 3.32406 0.06637 
1.99601 1.00958 1.99628 0.05399 1.99572 0.77055 3.32545 0.06792 
1.99684 1.0099 1.99711 0.05298 1.99655 0.77087 3.32684 0.06698 
1.99767 1.01122 1.99795 0.05523 1.99739 0.77119 3.32822 0.06362 
1.99851 1.01212 1.99878 0.05313 1.99822 0.77151 3.32961 0.06502 
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3.3 Results and Discussion 
3.3.1 Metal-Catalyzed Hydrogen Release from Ammonia Borane 
Many examples of metal-catalyzed hydrogen release from ammonia borane in 
organic solvents have now been reported.18-24  Manners and coworkers reported that 
while ammonia borane is stable in tetraglyme solutions at 45 °C, the addition of a 
chloro(1,5-cyclooctadiene)rhodium(I) dimer ([Rh(COD)Cl]2) induced the release of 
hydrogen over 2-3 days to form cyclotriborazane, μ-aminodiborane, borazine and 
insoluble BNHn oligomers.
18  They suggested that the active catalyst was a heterogeneous 
Rh(0) colloid; however, Linehan, Autrey and coworkers proposed that the active catalyst 
was actually a homogenous four atom Rh-cluster.19  
        Although ionic liquids have been used for many metal-catalyzed chemical 
reactions,25 metal-catalyzed hydrogen release from amine boranes in ionic liquids had not 
been investigated.  Metal-catalyzed reactions were carried out in bmimCl in the presence 
of 2.5 mol% of [Rh(COD)Cl]2 (5 mol% Rh) in an automated burette experiment.  The 
observed results are presented in Figure 3.2.  At 45 °C, the uncatalyzed reaction released 
little hydrogen within the first 6 h, while the catalyzed reaction released almost 0.6 
equivalents.  At 65 °C, the catalyzed release was initially faster (1.07 equiv. in 5 h vs.  
0.75 uncatalyzed), but both reactions released the same additional amount (~0.2 equiv.) 
over the next 5-23 h.   At 85 °C, the hydrogen release was also initially faster for the 
metal-catalyzed reaction, but there was an overall greater extent of release in the 
uncatalyzed reactions after 23 h.  
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Figure 3.2.  H2-release measurements of H3NBH3 with 2.5 mol% [Rh(COD)Cl]2 and 50 
wt% bmimCl at varying temperatures.  *Reactions with no metal. 
 
 Figure 3.3 shows two DSC plots of reaction mixtures of equal mass loadings of 
ammonia borane and bmimCl heated to 85 °C at 1 °C/min and then held isothermally at 
85 °C. One of the reaction mixtures contained 2.5 mol% [Rh(COD)Cl]2 per mol, the 
other did not.   The major exothermic event in both scans corresponds to H2-release.   The 
exotherm of the Rh-catalyzed reactions was shifted to the left, indicating initial H2-
release at lower temperatures. 
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Figure 3.3.  DSC of Ammonia Borane in 50wt% bmimCl with 2.5 mol% [Rh(COD)Cl]2. 
 
 Wolf et al.26,27  showed that there are two H2-release events for the loss of 
hydrogen from ammonia borane; the first occurring just after the melting of ammonia 
borane (~100 °C) and the second at higher temperatures (> 130 °C).  The [Rh(COD)Cl]2 
appears to catalyze the release of only the first equivalent of hydrogen from ammonia 
borane, since even with a catalyst present, the extent of H2-produced only reaches 1 
equiv. of H2 at 65 °C (Figure 3.2).  When the temperature was raised to 85 °C, 2 equiv. of 
H2 were obtained, but the rate for the reaction for the second equiv. was similar to that 
found for the uncatalyzed, ionic liquid promoted release at 85 °C.  
Reactions with ammonia borane were performed using different mol% of 
[Rh(COD)Cl]2 (Figure 3.4).  As the amount of catalyst increased, so did the rate of 
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hydrogen production.  The [Rh(COD)Cl]2 also catalyzed the dehydrogenation of 
Me2HNBH3 (Figure 3.5) with a large increase in rate of hydrogen produced compared to 
the uncatalyzed reaction. 
 
 
Figure 3.4.  H2-release measurements of H3NBH3 with varying amounts of 
[Rh(COD)Cl]2 in 50 wt% bmimCl at 65 °C. 
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Figure 3.5.  H2-release measurements of Me2NHBH3 in 50 wt% bmimCl at 65 °C with 
2.5mol% [Rh(COD)Cl]2. 
 
Additional reactions were carried out using an array of other metals including Ni, 
Pd, and Ru catalysts, in bmimCl and bmimOTf ionic-liquid solvents (Figure 3.6).14  At 65 
°C, all the metal-catalyzed reactions exhibited both an increased amount and rate of 
hydrogen production compared to the uncatalyzed reaction, with Pd(DBA)2 giving the 
largest increase in activity.  Pd(DBA)2 reactions were performed at different temperatures 
(Figure 3.7) and as the temperature increased, both the rate of H2-release and the 
equivalents of hydrogen increased. This is consistent with the results of the 
[Rh(COD)Cl]2 reactions. 
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Figure 3.6.  H2-release measurements of H3NBH3 in 50 wt% bmimCl with 5 mol% metal 
at 65 °C. 
 
 
Figure 3.7.  H2-release measurements of H3NBH3 in 50 wt% bmimCl with 5 mol% 
Pd(DBA)2, at varying temperatures. 
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It has previously been shown that the diammonate of diborane (DADB, 
[(NH3)2BH3
+][BH4
–]) is a key initial product of H2-release in ionic liquids.
3  Thus, 
reactions were carried out to determine if [Rh(COD)Cl]2 also increased the rate of H2-
release from DADB.  The automated gas burette data showed that [Rh(COD)Cl]2 
increased the rate of hydrogen release of DADB compared to the uncatalyzed reactions at 
65 °C (Figure 3.8).   When DADB was the initial starting material, the rate of H2-release 
was faster than that of ammonia borane, as was observed for H2-release from DADB in 
ionic liquids (Figure 3.9).  The rates of [Rh(COD)Cl]2 catalyzed H2-release for the first 
equivalent were similar for ammonia borane and DADB, but was slower for DADB for 
the remaining equivalents of H2-released (Figure 3.10).  The fact that the rate of DADB 
and ammonia borane were the same suggests that DADB is not formed initially from the 
ammonia borane in the rhodium-catalyzed reaction. 
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Figure 3.8.  H2-release measurements of 2.5 mol% [Rh(COD)Cl]2 and neat DADB in 50 
wt% bmimOTf at 65 °C. 
 
 
Figure 3.9.  H2-release measurements of (A) DADB and (B) AB in 90 wt% bmimOTf at  
85 °C.3 
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Figure 3.10.  H2-release measurements of DADB and H3NBH3 in 50 wt% bmimOTf with 
5 mol% [Rh(COD)Cl]2 at 65 °C.  
 
3.3.2 NMR Studies of Metal-Catalyzed Hydrogen Release from Ammonia Borane 
11B-NMR studies in room temperature ionic liquids such as shown in Figure 3.11 
(left), were previously used to establish that the uncatalyzed thermal decomposition of 
ammonia borane in ionic liquids is initiated by the rearrangement of ammonia borane to 
the diammonate of diborane (DADB, [(NH3)2BH3
+][BH4
–]) (11B resonances: –11.9 ppm 
and –36 ppm).  The DADB then reacts, with H2-release, to form saturated sp3 
polyaminoboranes (11B resonances: –9 to –12 ppm) that continue to lose H2 to ultimately 
form unsaturated sp2 polyborazylene-type products (11B resonances: 30 ppm).  A scheme 
for the proposed mechanistic pathway is presented in Figure 3.12.3 
 
348 
 
 
Figure 3.11.  In situ solution 11B NMR spectra of the reaction of Ammonia Borane in 90 
wt% bmimOTf at 85 °C: (left) uncatalyzed; (right) with 2.5 mol% [Rh(COD)Cl]2. (PAB 
= polyaminoborane) 
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Figure 3.12.  Proposed mechanistic pathways and intermediates for ionic-liquid activated 
ammonia borane H2-release.
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The 11B-NMR spectra of the reaction of a 10 wt% AB/bmimOTf reaction mixture 
in the presence of [Rh(COD)Cl]2 suggests a different initial reaction pathway but ends 
with the same products as the uncatalyzed reaction (Figure 3.11).  When heated at 85 °C, 
there was no evidence of DADB formation (quintet at –36 ppm).  Peaks at –5 ppm and –
12 ppm appeared concurrently with significant H2-release, indicating direct formation 
polyaminoboranes (PAB).   Unlike in the ionic liquid reaction, after 30 min a large 
resonance at +30 ppm appeared indicative of borazine.7  Additionally, these reaction 
progress versus time 11B NMR spectra confirmed the automated gas burette data that 
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showed an increased rate for the Rh-catalyzed reactions compared to the analogous 
uncatalyzed reactions (Figure 3.2).   
It should also be noted that the 11B NMR spectra of the catalyzed reaction in 
bmimCl showed a quartet at –37 ppm (Figure 3.11 (right)), which can be assigned to the 
formation of a carbene-BH3 complex.  This resonance has previously been observed by 
Baker and coworkers in metal catalyzed reactions with carbene ligands,20 as well as 
others for carbene-BH3 compounds.
28,29  The formation of the carbene-BH3 complex can 
be attributed deprotonation of the C2-H of the imidazolium ring to form a carbene, which 
can then form a BH3 adduct (Figure 3.13).  These types of ionic liquids can be considered 
"unprotected" (Figure 3.14 (left)).  To eliminate the formation of a carbene-BH3, a 
"protected" ionic liquid was employed, bmmimCl (Figure 3.14 (right)).  BmmimCl has a 
methyl group on the C-2 carbon and cannot undergo adduct formation.   When the 
reaction was carried out with bmmimCl, no peak at –37 ppm was observed in the 11B 
NMR spectra of the reaction mixture (Figure 3.15).  In both the protected and unprotected 
ionic liquids reaction conditions, addition of the rhodium catalyst showed similar 
improvements in hydrogen release rates. 
 
 
Figure 3.13.  Scheme of potential route to bmimCl-BH3. 
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Figure 3.14.  Left: 1-Butyl-3-methylimidazolium chloride (bmimCl) (unprotected).  
Right: 1-Butyl-2,3-dimethylimidazolium chloride (bmmimCl) (protected) . 
 
 
Figure 3.15.  11B (top) and 11B{1H} (bottom) NMR spectra of H3NBH3 in 90 wt% 
bmmimCl (“protected” ionic liquid) at 85 °C with no evidence of carbene-BH3 adduct 
formation  (–37 ppm). [monoglyme extract]   
 
As previously mentioned, a number of groups have proposed different 
mechanisms for metal catalyzed ammonia borane release in organic solvents.  These 
pathways are metal dependent, and do not include the formation of DADB as an initial 
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step for H2-release (Figure 3.16).
14,20-22,30-33  For example, the initial step proposed by 
Keaton et al.,20 was B-H coordination to the metal followed by oxidative-addition at the 
metal center.  After β-hydride elimination and reductive elimination to give hydrogen gas 
and amino borane. This general mechanism is consistent with the observation that the 
rhodium is catalyzing the first equivalent of hydrogen release, and additional hydrogen 
production can come from amino borane reacting with other ammonia- or amino-boranes 
(Figure 3.17).  This is supported by theoretical34-36 and experimental13,14,18,23,37,38 studies 
that provide reasonable pathways for the formation products such as polyaminoborane, 
cyclotriborazane, and borazine. 
 
 
Figure 3.16.  One proposed mechanisms of initial product formation in metal catalyzed 
ammonia borane reactions (M = Ni, Cr, Mn).20,39,40  
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Figure 3.17.  Proposed metal-catalyzed reaction pathways for products observed in H2-
release from ammonia borane. 
 
Though it was possible to follow the uncatalyzed ammonia borane H2-release 
with in situ 11B-NMR using other low melting point ionic liquids (e.g. mmimMeSO4), the 
only ionic liquid that could be used for the Rh-catalyzed ammonia borane H2-release was 
bmimOTf.   Other ionic liquids became too viscous after the H2-release began.   
 With more extensive H2-realease, the products became insoluble in bmimOTf; 
therefore, to determine the final spent fuel product of the Rh-catalyzed H2-release from 
ammonia borane in ionic liquids, solid state 11B-NMR was carried out.  In principle, 
either sp3- or sp2-BN-frameworks could be produced following H2-release.  The solid 
state 11B-NMR spectra of 50 wt% AB/bmimCl at 65 °C revealed that insoluble 
unsaturated sp2 BN oligomers were the major reaction product when greater than 1 equiv. 
of H2 had been released (Figure 3.18).  Additional spectra were taken of Ru, Ni, and Pd 
catalyzed reaction (Figure 3.19).   The RuCl3 and Pd(DBA)2 catalyzed reactions products 
were similar to the [Rh(COD)Cl]2 catalyzed products, the NiCl2 catalyzed reaction 
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products on the other hand had a more sp3 framework which is consistent with the lower 
quantity of hydrogen release. 
 
 
Figure 3.18.  Solid State 11B NMR spectrum of 50wt% H3NBH3 in bmimCl at 65 °C for 
23 h with 2.5 mol% [Rh(COD)Cl]2. 
 
        
Figure 3.19.  Solid State 11B NMR spectra of 50wt% Ammonia Borane in bmimCl at 
65°C with 5 mol% metal (left: RuCl3, Middle: NiCl2, Right: Pd(DBA)2). 
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 To probe the nature of the active catalyst species mercury poisoning experiments 
were carried out as described by Jaska et al.18 Mercury selectively adsorbs to the surface 
of heterogeneous, bulk metal-like materials and renders them inactive for catalytic 
reactions, making it a commonly used heterogeneous catalyst poison.  The experiments 
performed by Jaska et al. involved the addition of mercury (~70 equiv.) to a reaction 
mixture of Me2HNBH3 in toluene with 0.5 mol% [Rh(COD)Cl]2.  When the mercury was 
added prior to the addition of [Rh(COD)Cl]2 no conversion to (Me2NBH2)2 was observed.  
When mercury was added after 105 min after starting the reaction, again no subsequent 
conversion to (Me2NBH2)2 was observed.  They also saw the presence of small (~2 nm) 
Rh clusters by transmission electron microscopy.  Thus, they concluded that an Rh(0) 
colloid was the catalytic species. 
  Similar mercury catalyst-poisoning reactions were carried out for both the Rh and 
Pd catalyzed reactions in ionic liquid under conditions where 1 equiv. of H2 would be 
expected to be produced.  In the reaction, a solution of ammonia borane or Me2HNBH3, 
bmimCl, 70 equiv. Hg, and a catalytic amount of metal-catalyst was allowed to react for 
2-3 d.  The 11B NMR spectra (Figure 3.20) of the glyme extracted residue of the 
[Rh(COD)Cl]2 reaction, showed only the ammonia borane starting material (–22 ppm).  
Similarly, no reaction was observed when Hg was added to the dimethylamine borane (–
13 ppm) reaction (Figure 3.21 and Figure 3.22).  These results again suggest that the 
metal-catalyzed dehydrogenation occurs via a heterogeneous M(0) species.  As a control, 
mercury was added to an uncatalyzed reaction (H3NBH3 in bmimTfO at 65 °C) and in 
this case the rate and extents of H2-release were ~1 equiv. after 7 h, as expected.  
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Figure 3.20.  Glyme extraction of reaction mixture after 24 h. 11B (top) and 11B{1H} 
(bottom) NMR spectra of H3NBH3 in 90 wt% bmimCl at 25 °C with 0.5 mol% 
[Rh(COD)Cl]2 with 70 equiv. Hg. 
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Figure 3.21.  Glyme extraction of reaction mixture after 24 h. 11B (top) and 11B{1H} 
(bottom) NMR spectra of Me2HNBH3 in 90 wt% bmimCl at 25 °C (Left: 0.5 mol% 
[Rh(COD)Cl]2 , Right: 5 mol% [Rh(COD)Cl]2) with 70 equiv. Hg. 
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Figure 3.22.  Glyme extraction of reaction mixture after 24 h. 11B (top) and 11B{1H} 
(bottom) NMR spectra of Me2HNBH3 in 90 wt% bmimCl at 45 °C with 5 mol% 
Pd(DBA)2 with 70 equiv. Hg.   
 
 There has been some debate over the nature of the catalytically active species as 
to whether it is homogeneous, small Rhn (n = 4-6) clusters,
19 or heterogeneous a colloidal 
rhodium particle (discussed above).18  By employing in situ X-ray absorption fine 
structure analysis, Linehan and coworkers, gained information about the number of 
rhodium species present during the dehydrogenation reaction in toluene of H3NBH3, 
R2HNBH3, and RH2NBH3 (R = methyl, isopropyl, tert-butyl, and cyclohexyl), and 
concluded that there was no metallic rhodium formed but instead clusters of 4-6 
rhodiums ligated with amine borane compounds.  Although initial investigation into the 
ionic liquid metal-catalyzed reactions by mercury catalyst poisoning suggested that the 
active species is colloidal, further analysis is necessary.  
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 Catalyst reuse studies were carried out to explore the potential for recycling the 
active catalyst. A bmimOTf solution of ammonia borane and 0.6 mol% metal-catalyst 
([Rh(COD)Cl]2 or Pd(DBA)2) was heated at 45 °C in a sealed NMR tube.  The reaction 
was stopped after 20 h and cooled to room temperature. A second round of ammonia 
borane was added to the tube and the mixture was again heated to 45 °C. Figure 3.23 
shows the 11B NMR spectra of the reactions [Rh(COD)Cl]2 (left) and Pd(DBA)2 (right) at 
different time intervals.  Both [Rh(COD)Cl]2 and Pd(DBA)2 maintained high catalytic 
activity upon the second addition of ammonia borane.  
 
  
Figure 3.23.  11B spectra of Me2HNBH3 in 90 wt% bmimOTf at 45 °C with 0.6 mol% 
[Rh(COD)Cl]2 (left), 0.6 mol% Pd(DBA)2 (right). 
 
3.3.3 Products of Dimethylamine Borane Hydrogen Release 
Manners and coworkers reported that [Rh(COD)Cl]2 also catalyzed the 
dehydrogenation of Me2NHBH3 in toluene to form the (Me2NBH2)2 cyclic dimer (77% 
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isolated yield).18  As shown above, [Rh(COD)Cl]2 also catalyzed this reaction in ionic 
liquids to produce 1.2 equivalents of hydrogen (Figure 3.5).   H2-release was observed in 
conjunction with complete conversion of Me2NHBH3 to the (Me2NBH2)2 cyclic dimer 
(4.7 ppm) in ionic-liquid reaction mixtures containing 0.6 mol% [Rh(COD)Cl]2  (Figure 
3.24).  This was consistent with the complete conversion of Me2NHBH3 to the 
(Me2NBH2)2 in toluene observed by Manners. 
 
 
Figure 3.24.  11B NMR spectra of Me2HNBH3 in 90 wt% bmimOTf with 0.6 mol% 
[Rh(COD)Cl]2 at 45 °C. 
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The catalyzed dimerization of Me2NHBH3 to (Me2NBH2)2 in bmimOTf at 65 °C 
was also observed using the automated gas burette with Ru(COD)Cl2, Ni(COD)2, and 
NiCl2 (Figure 3.25).   The dimerization was complete, as observed by in situ 
11B NMR in 
30 min with the Rh and Ru compounds, but took 20 h for the Ni compounds.  Similar 
experiments were conducted using commercially available Rh, Ru, and Ni nanopowders, 
with no dimerization product ((Me2NBH2)2) observed by 
11B NMR. 
 
 
Figure 3.25.  H2-release measurements of Me2HNBH3 with 50 wt% bmimCl with 5 
mol% metal at 65 °C. 
 
A preparative scale experiment was performed using 50 wt% Me2NHBH3 in 
bmimCl with 2.5 mol% [Rh(COD)Cl]2 at 65 °C.  The reaction was heated in a reaction 
flask equipped with a cold finger for 5 h under vacuum to allow continuous removal of 
the volatile products.   The cold finger was cooled to –78 °C and the solution heated for 
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16 h.  The sublimed material was then vacuum transferred to a glass trap for analysis.   
11B NMR showed only (Me2NBH2)2 present (86.3% yield).  This isolated yield is higher 
than that found in the solid state conditions (77%) reported by Jaska et al.18 
 
3.4 Conclusions 
This chapter reported that the metal-catalyzed hydrogen release from ammonia 
borane in an ionic liquid produces a significant increase in the rate of loss of the first 
equivalent of H2 in ionic liquids, especially at lower temperatures.  Additionally, the 
mechanism of H2-release in metal-catalyzed systems appears to be similar to hydrogen 
release in organic solvents but different from that observed in only ionic liquids.  The 
results show that the [Rh(COD)Cl]2 catalyst appears to affect only the rate of loss of the 
first equivalent, with the uncatalyzed and catalyzed rates becoming equal following that 
point.  This further suggests that while the rhodium catalyst may be useful for starting H2-
release at lower temperatures, it will not be suitable to achieve significant improvements 
in either the extent of H2 loss or the H2-release rate of the 2nd and 3rd equivalents. 
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